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Islombek Karimov 
Thesis Chair: David Beams, Ph.D. 
The University of Texas at Tyler 
April 2018 
 
Generally known temperature compensation techniques for strain gages (like the 
use of a dummy gage or the implementation of half- and full-bridge configurations) are 
not applicable to all strain-measurement situations and cannot fully compensate for all 
sources of error. Digital Enhancement of Analog Measurement Systems presents a 
universal method of corrections for these effects in which temperature is measured 
independently of other variables and ex post facto corrections are computed and applied 
to digitized readings of the analog measurement system. 
A single, linear-pattern strain gage, self-temperature-compensated for steel 1018, 
has been utilized in a quarter-bridge to measure tensile strain in a test specimen of similar 
material configured as an end-loaded cantilever.  Temperature was measured with a 
platinum RTD in dual, constant current source signal conditioner.  After implementing 
this design approach, digital temperature compensation of strain gages resulted in highly 
accurate measurements, with an average of about 1% error in the measurements of the 
known mass over a range of masses and temperatures. 
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Chapter 1 
Introduction 
1.1 Introduction 
Due to high density and low energy of digital circuits, various analog systems are 
undergoing improvements by being enhanced with components that process signals 
digitally. This enhancement is rather the most effective way of data acquisition and 
manipulation. A few examples of digitally enhanced analog circuits include nonlinearity 
compensation of ADCs, predistortion of power amplifiers, and calibration of radio 
receivers [1]. All these examples involve diverse applications of this scheme; however, 
they all can be generalized by identifying individual components of such systems.  
Figure 1.1 shows a general block diagram of a system that uses digital signal 
processing by digitally enhancing analog circuits with additional digital components in 
addition to traditional data converters. 
 
 
Figure 1.1. Block diagram of digitally enhanced analog system [1] 
The purpose of this research is to present the advantages of digital signal 
processing and the effectiveness of digitally enhanced analog circuits, by designing and 
testing a microcontroller-aided transducer system. 
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1.2 Organization of Thesis 
This thesis is divided into seven chapters. Chapter 2 gives a summary of strain 
measurement using strain gages and various methods to obtain strain as an electrical 
signal. Chapter 2 also introduces the problem of errors due to temperature effects of 
strain gages. Chapter 3 provides information about the common sensors used in the 
measurement of temperature.  Chapter 4 presents an outline of the proposed design and 
introduces the method of linearization of bridge systems and the proposed method of 
temperature compensation of strain gages. The design of a measurement system with 
digital enhancement and the ways of obtaining results are then shown in Chapter 5. 
Chapter 6 contains this obtained data and the discussion of results. Finally, conclusions 
and ideas for future work are presented in Chapter 7. 
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Chapter 2 
Overview of Strain Measurement  
2.1 Stress and Strain 
In experiments that involve mechanical measurements, it is important to 
understand the behavior of an object under applied force. When an object experiences 
mechanical force, stress is created. Stress is defined as the ratio of applied force to the 
cross-sectional area of the material,  
 𝜎 =  
𝐹
𝐴
 (2.1)  
where 𝜎 is the stress (Pa), 𝐹 is the applied force  N), and 𝐴 is the cross-sectional area 
(m2) [2]. 
Strain is a deformation of a solid due to stress. Strain is defined as the amount of 
deformation in the direction of the applied force divided by the original dimension (𝑙)  of 
the object in that direction: 
 𝜀 =  
𝑑𝑙
𝑙
 (2.2)  
where 𝜀 is the strain (unitless, but often given in “microstrains” (1 microstrain = 1 με =  1 
μm/m) [2].  
There are three types of strain that can occur in a mass: compressive, tensile, and 
shear. Compressive strain is a fractional amount of contraction of a material under 
applied linear force. Tensile strain measures the amount of elongation of a material under 
applied linear force. Compressive and tensile strains can be axial or bending. Shear strain 
measures the fraction of deformation of the material’s dimension under applied linear 
force [3].  
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Figure 2.1. Types of strain due to linear force [3] 
The relationship between stress and strain, within the elastic limit (Fig. 2.2), is 
given by Hooke’s Law, 
 𝜎 =  
𝐹
𝐴
= 𝐸𝜀 = 𝐸
𝑑𝑙
𝑙
 (2.3)  
where 𝐸 is Young’s modulus (Pa) [2]. Young’s modulus, named for T. Young (1773-
1829), is dependent on temperature and specific for each material. Table 2.1 lists average 
Young’s moduli values and value ranges for some common materials: 
Table 2.1. Young’s moduli for common types of materials [4] 
Material Young’s Modulus E, GPa 
Aluminum 70 
Brass, Naval 100 
Copper 117 
Glass 55 
Iron 210 
Steel, Stainless AISI 302 180 
Steel, Structural ASTM-A36 200 
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Figure 2.2. Stress-strain graph for low carbon steel (steel 1018). The elastic zone has been 
significantly enlarged [2] 
Strain can be positive due to elongation (when a material is in tension) or negative 
due to contraction (when a material is in compression). When a material experiences 
compressive force, it tends to expand in directions perpendicular to that force, and vice 
versa. This phenomenon is known as Poisson’s effect [2]. Consider a wire of length l and 
width t, with rectangular cross section in Fig. 2.3. 
 
Figure 2.3. Rectangular cross section of a wire undergoing axial strain [2] 
In Figure 2.3, force F in the direction of the wire’s length l lengthens it by amount 
Δl which results in contraction of the wire in the direction of its width t by amount Δt. 
Poisson’s ratio is the quantity that relates those changes as following: 
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 𝜈 =  −
∆𝑡/𝑡
∆𝑙/𝑙
= −
𝑑𝑡/𝑡
𝑑𝑙/𝑙
 (2.4)  
where 𝜈 is Poisson’s ratio (unitless). Usually, 𝜈 is in the range 0 – 0.5. Typical Poisson’s 
ratio values for some common materials are listed in Table 2.2. 
Table 2.2. Poisson’s ratio for common types of materials [5] 
Material Poisson’s Ratio 
Aluminum 0.5 
Brass, 70-30 0.331 
Brass, cast 0.357 
Copper 0.355 
Glass, Soda 0.22 
Glass, Float 0.2 – 0.27 
Steel, Stainless 18-8 0.305 
Steel, cast 0.265 
Steel, high carbon 0.295 
Steel, low carbon 0.303 
 
2.2 The Piezoresistive Effect 
The electric resistance of a wire of length 𝑙, cross-section area 𝐴, and resistivity 𝜌, 
is given as 
 𝑅 =  𝜌
𝑙
𝐴
 (2.5) 
If resistivity of a material is affected by strain, the material is said to be 
piezoresistive. The change in the amplitude of atomic vibrations in metal lattice due to 
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longitudinal extension changes electron mobility and results in the change of resistivity. 
Longitudinal extension also results in the change of length and the area, thus changing 
the electric resistance [2]. Differentiating (2.5) gives: 
 𝑑𝑅 = 𝑙𝐴−1𝑑𝜌 + 𝜌𝐴−1𝑑𝑙 − 𝜌𝑙𝐴−2𝑑𝐴 (2.6)  
The fractional change in resistance 
𝑑𝑅
𝑅
 is: 
 
𝑑𝑅
𝑅
=
𝑙𝐴−1𝑑𝜌
𝜌
𝑙
𝐴
+
𝜌𝐴−1𝑑𝑙
𝜌
𝑙
𝐴
−
𝜌𝑙𝐴−2𝑑𝐴
𝜌
𝑙
𝐴
=
𝑑𝑅
𝑅
=
𝑑𝜌
𝜌
+
𝑑𝑙
𝑙
−
𝑑𝐴
𝐴
 (2.7)  
In metals, the percent changes of resistivity are proportional to the percent 
changes of the volume. The constant of proportionality is called Bridgman’s constant 𝐶 
(typically 1.13 < 𝐶 < 1.15 for usual alloys from which strain gages are made) named after 
P. W. Bridgman: 
 
𝑑𝜌
𝜌
= 𝐶
𝑑𝑉
𝑉
 (2.8)  
where 𝑑𝜌 is the change in resistivity, 𝑑𝑉 is the change in volume, and 𝜌 and 𝑉 are the 
original values of resistivity and volume in the absences of strain, respectively [2].  
For a wire of circular cross section of area 𝐴, diameter 𝐷, and length 𝑙, 𝐴 =
𝜋𝐷2
4
,  𝑉 =
𝜋𝑙𝐷2
4
, so we have 
 
𝑑𝐴
𝐴
=
2(𝑑𝐷)
𝐷
= −
2𝑣(𝑑𝑙)
𝑙
 (2.9) 
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𝑑𝑉
𝑉
=
𝑑(𝑙𝐴)
𝑑𝐴
=
𝐴(𝑑𝑙)
𝑙𝐴
+
𝑙(𝑑𝐴)
𝑙𝐴
=
𝑑𝑙
𝑙
+
𝑑𝐴
𝐴
 (2.10) 
 
 
𝑑𝑉
𝑉
=
𝑑𝑙
𝑙
+
2(𝑑𝐷)
𝐷
=
𝑑𝑙
𝑙
(1 − 2𝑣) (2.11) 
 
Combining equations 2.7, 2.9, and 2.11, for isotropic materials,  
 
𝑑𝑅
𝑅
=
𝑑𝑙
𝑙
[1 + 2𝑣 + 𝐶(1 − 2𝑣)] = 𝐺
𝑑𝑙
𝑙
 (2.12) 
 
𝑑𝑅
𝑅
= 𝐺𝜀  (2.13)  
where 𝐺 is the gage factor. Gage factor is the measure of relative sensitivity of resistance 
to strain. For small variations, resistance is given by 
 𝑅 = 𝑅0 + 𝑑𝑅 = 𝑅0 (1 +
𝑑𝑅
𝑅0
) ≅ 𝑅0(1 + 𝐺𝜀) (2.14)  
where 𝑅0 is an unstrained resistance of the material.  
2.3. Methods of Piezoresistive Strain Measurement 
The most common way to measure strain is with a strain gage. The electric 
resistance of a strain gage varies proportionally with the amount of strain in the system, 
according to Eq (2.13). Thus, if the relationship between strain and stress causing that 
strain is known, it is possible to measure the value of that stress by measuring the change 
in resistance.  
There are several types of strain gages, but the most widely used is the metal foil 
type strain gage. In this type, a metallic foil (a very thin wire) is arranged in a grid 
pattern.  Such an arrangement maximizes the amount of wire subject to strain in the 
parallel direction. The wire of the strain gage can be made of different metals such as the 
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alloys karma (Ni72Cr20FexAly), nichrome (Ni80Cr20), advance (Cu55Ni45), isoelastic 
(Ni36Cr8Fe55.5Mo0.5), and constantan (Cu57Ni43) [2].  
 
Figure 2.4. Parameters for an unbonded foil strain gage: 1, matrix width; 2, grid width; 3, matrix 
length (carrier); 4, end loops; 5, active grid length; 6, overall gage length; 7, alignment marks. Typical 
thicknesses are 3.8 μm and μm, depending on material type [2] 
This wire can then be either bonded or unbonded. The bonded type metallic wire 
strain gage is most common. The backing to which a grid of wire is bonded is called a 
carrier, which can be paper or plastic. The carrier of a strain gage is then attached to the 
test specimen which is subject to strain. If the test specimen is subject to tensile force, the 
strip of the conductive metal of the strain gage also stretches, resulting in the increase of 
resistance. On the other hand, if the test specimen is subject to compressive force, the 
strip of conductive metal of the strain gage shortens, resulting in the decrease of 
resistance [6]. Strain gages can also be made with semiconductor materials. These strain 
gages consist of a strain sensitive crystal filament. Figure 2.5 shows various types of 
strain gages designed for various test specimens [2].  
10 
 
 
Figure 2.5. Representative types of strain gages [2] 
Table 2.3 lists the typical characteristics of both metal and semiconductor strain 
gages. The range of values of gage factor is obtained by sampling many gage factors 
because strain gages can’t be reused. The true value of gage factor and its tolerance for 
any strain gage can be obtained from manufacturer. In general, the gage factor for the 
most common type strain gages – metal strain gages – is approximately 2.0 [2].  
Table 2.3. Typical characteristics of metal and semiconductor strain gages [2] 
Parameter Metal Semiconductor 
Measurement range 0.1 με to 50,000 με 0.001 με to 3000 με 
Gage factor 1.8 to 4.5 40 to 200 
Nominal resistance, Ω 120, 250, 350, 600, …, 
5000 
1000 to 5000 
Resistance tolerance 0.1% to 0.35% 1% to 2% 
Active grid length, mm 0.45 to 150 
Standard: 3 to 10 
1 to 5 
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Since the nominal resistance values of strain gages are not large, strain in test 
specimen results in very small changes of resistance. Due to the need for high accuracy 
measurements of extremely small changes in resistance – the Wheatstone bridge circuit 
(Fig. 2.6), first proposed by S. H. Christie in 1833 and reported by English physicist Sir 
Charles Wheatstone (1802-1875) to the Royal Society in 1858, is used [2].  
Figure 2.6 shows the basic Wheatstone bridge circuit configuration with supply 
voltage 𝑉𝑖𝑛. In this bridge circuit, voltage between nodes 1 and 2 is measured. One 
configuration of this circuit uses a single strain gage in place of any of four resistors, 
while the other three resistors have known resistances. If the strain gage is placed on the 
test specimen so that it is also subject to strain, the gage is said to be active. This 
configuration is known as a quarter-bridge. Configurations which use two active strain 
gages among the four resistances are called half-bridges, and the use of active strain 
gages in all four locations constitutes a full-bridge [7].  
 
Figure 2.6. Wheatstone bridge circuit [7] 
The expression for voltage 𝑉𝑜 can be found by performing basic circuit analysis – 
using voltage divider rules. Let voltage at node 1 be 𝑉1 and voltage at node 2 be 𝑉2. Then, 
we have 
12 
 
 𝑉1 = 𝑉𝑖𝑛(
𝑅3
𝑅1 + 𝑅3
) (2.15)  
 
 𝑉2 = 𝑉𝑖𝑛(
𝑅4
𝑅2 + 𝑅4
) (2.16)  
 
 𝑉𝑜 = 𝑉2 − 𝑉1 = 𝑉𝑖𝑛(
𝑅4
𝑅2 + 𝑅4
) − 𝑉𝑖𝑛(
𝑅3
𝑅1 + 𝑅3
)             (2.17)  
 
 𝑉𝑜 = 𝑉𝑖𝑛(
𝑅4
𝑅2 + 𝑅4
−
𝑅3
𝑅1 + 𝑅3
) (2.18) 
When voltage 𝑉𝑜 between nodes 2 and 1 is equal to zero, the bridge is said to be 
“balanced”. The bridge is balanced when 𝑉1 = 𝑉2. The condition for balance is formed as 
follows: 
 𝑉𝑖𝑛 (
𝑅3
𝑅1 + 𝑅3
) = 𝑉𝑖𝑛 (
𝑅4
𝑅2 + 𝑅4
) (2.19) 
 
 𝑅2𝑅3 + 𝑅4𝑅3 = 𝑅2𝑅1 + 𝑅2𝑅3 (2.21) 
 
 
𝑅1
𝑅3
=
𝑅2
𝑅4
 (2.22) 
If all resistances stay the same, voltage 𝑉𝑜  will be zero (“balanced” state). When 
the bridge is not balanced, voltage 𝑉𝑜 is some value other than zero. In the quarter bridge, 
by knowing the values of three resistors, supply voltage and taking a measurement for 𝑉𝑜, 
it is possible to find the value of the unknown resistance. For instance, assume 𝑅4 is 
unknown and the quarter bridge produces some voltage 𝑉𝑜 = 3.26 mV at its output, when 
test specimen undergoes stress. Assuming that the supply of the quarter bridge is known 
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to be 𝑉𝑖𝑛= 5 V and 𝑅1= 𝑅2 = 𝑅3 = 120 Ω, we can find the unknown resistance 𝑅4, by 
substituting values in Eq (2.18): 
 3.26 𝑚𝑉 = 5 𝑉(
𝑅4
120 Ω + 𝑅4
−
120 Ω
120 Ω + 120 Ω
) (2.23) 
Solving for 𝑅4 yields 
 
𝑅4
120 Ω + 𝑅4
=
3.26 𝑚𝑉
5 𝑉
+
120 Ω
120 Ω + 120 Ω
 (2.24) 
And the unknown resistance 𝑅4 comes out to be 120.313369 Ω. 
A strain gage basically takes place of one, two, or all four of four resistors in 
Figure 2.6. The strip of wire in every strain gage can be directly connected in the circuit. 
Figure 2.7 shows a typical metal foil strain gage with two ends of the strip of wire that 
connect to the circuit in the similar manner as does a regular carbon- or metal-film 
resistor.  
 
Figure 2.7. Metal foil type strain gage [8] 
The simplest arrangement of the Wheatstone bridge with a strain gage is the 
quarter-bridge circuit, in which only one resistor of the bridge is replaced by a strain gage 
(see Figure 2.8).  
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Figure 2.8. Quarter-bridge strain gauge circuit [8] 
Typically, resistors 𝑅1 and 𝑅3 have the same values, and resistor 𝑅2 is set to the 
nominal resistance of the strain gage. When no force is applied, the measured voltage 𝑉𝑜 
is zero, because the bridge is balanced. The greater the applied force, the larger the strain 
in the system and the resistance of the strain gage starts to increase or decrease depending 
on the nature of the strain – tensile or compressive [8]. An example of physical placement 
of the strain gage on the test specimen in a quarter bridge configuration is shown in 
Figure 2.9. The test specimen on the left is subject to axial strain and test specimen on the 
right is subject to bending strain. 𝑅4 in this configuration is a strain gage. The notation 
+𝜀 indicates that the resistance of the gage is increasing due to the tensile strain.  
 
Figure 2.9. Example of physical placement of a strain gage [6]  
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Depending on the application, either a quarter-bridge, a half-bridge, or a full-
bridge configuration is used. The differences and advantages of one over the other are 
described in Section 2.4.  
2.4. Temperature Effects of the Strain Gage 
One of the most important points in strain measurement is the temperature effects 
of the strain gage. Unfortunately, the changes in temperature affect the unstrained 
resistance of the gage. In addition, there is also a change in the gage factor of the strain 
gage itself due to these temperature changed. The error due to the change in gage factor is 
usually small and can thus be ignored [2]. Temperature affects the strain measurements 
primarily due to the following reasons:  
1) The test specimen almost always has a non-zero coefficient of thermal 
expansion. Changes in temperature cause the material to expand or contract. If the 
temperature coefficient of linear expansion of the gage is different from that of 
the material, this is then seen as the change in strain. 
2) The materials of the strain gage usually have a non-zero coefficient of thermal 
expansion. Thus, changes in temperature cause the strain gage itself to expand or 
contract.  
3) The resistances of leadwires and of the gage itself undergo changes with 
respect to temperature.  
The first two points are usually combined because once the strain gage is attached to test 
specimen, it will be forced to match the strain of the material and be in thermal 
equilibrium with specimen, so that both the test specimen and the strain gage will expand 
or contract at the same rates in response to the temperature changes [9].  
Figure 2.10 shows a typical two-wire connection of the strain gage in a quarter-
bridge circuit including leadwires.    
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Figure 2.10. Two-wire connected strain gage in quarter-bridge including leadwires [8]  
When connected in this manner, leadwire resistances 𝑅𝑤𝑖𝑟𝑒1 and 𝑅𝑤𝑖𝑟𝑒2 in series with 
𝑅𝑔𝑎𝑔𝑒 also contribute to the resistance of the lower half of the right arm of the bridge. 
This then is reflected in the output voltage 𝑉𝑜 of the bridge. When the gage is connected 
to the bridge by very short wires, their resistances are negligible, and the output voltage 
𝑉𝑜 is given by Eq. 2.23. 
 𝑉𝑜 = 𝑉𝑖𝑛(
𝑅𝑔𝑎𝑔𝑒
𝑅2 + 𝑅𝑔𝑎𝑔𝑒
−
𝑅3
𝑅1 + 𝑅3
) (2.24) 
However, this is not the case in most strain measurement systems. Taking 𝑅𝑤𝑖𝑟𝑒1 and 
𝑅𝑤𝑖𝑟𝑒2 into account, 𝑉𝑜 then becomes 
 𝑉𝑜 = 𝑉𝑖𝑛(
𝑅𝑔𝑎𝑔𝑒 + 𝑅𝑤𝑖𝑟𝑒1 + 𝑅𝑤𝑖𝑟𝑒2
𝑅2 + 𝑅𝑔𝑎𝑔𝑒 + 𝑅𝑤𝑖𝑟𝑒1 + 𝑅𝑤𝑖𝑟𝑒2
−
𝑅3
𝑅1 + 𝑅3
) (2.25) 
To show the magnitude of these effects, consider a quarter-bridge system like in 
Fig. 2.10 with 𝑅1 = 𝑅2 = 𝑅3 = 120 Ω and a 120 Ω strain gage (𝑅𝑔𝑎𝑔𝑒) installed at 6 
meters from the bridge, and connected to it with a pair of AWG26 (0.4 mm dia.) copper 
leadwires. The resistance of copper leadwires changes by approximately 22% of their 
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room-temperature resistance value for a 55 °C temperature change. So, at room 
temperature with an unstrained gage, the change in total resistance of the gage in series 
with 𝑅𝑤𝑖𝑟𝑒1 and 𝑅𝑤𝑖𝑟𝑒2 is about 1.7 Ω. Then 𝑅𝑔𝑎𝑔𝑒 becomes (120 + 1.7) Ω = 121.7 Ω 
[10]. When supplied with 5 V at the input, instead of reading 0 V, the output voltage 𝑉𝑜 
then reads 
 𝑉𝑜 = 5 𝑉 (
121.7 Ω
120 Ω + 121.7 Ω
−
120 Ω
120 Ω + 120 Ω
) ≅ 1.76 𝑚𝑉 (2.26) 
In the circuit arrangement shown in Fig. 2.10, the instrument will recognize 17.6 mV at 
the output as test specimen being subject to tensile force due to an increase in the total 
resistance of the strain gage. The longer the gage connection wire, the greater their effect 
on overall resistance of the gage, resulting in larger measurement errors. It is possible to 
adjust the bridge to compensate for leadwire resistances, but that is valid for only a single 
temperature. Therefore, a method to compensate for the effects of leadwire resistances is 
desirable.  
The effects of leadwire resistances can be substantially minimized by using a 
three-wire quarter-bridge circuit as shown in Fig. 2.11. In this arrangement, 𝑅𝑤𝑖𝑟𝑒3 will 
not drop any significant amount of voltage due to voltmeter’s high internal resistance. 
Since now that the voltmeter is directly connected to one of the terminals of the gage, 
𝑅𝑤𝑖𝑟𝑒1 will be “bypassed” and will not be measured. Thus, only 𝑅𝑤𝑖𝑟𝑒2 will affect the 
measurements [8]. Even though this method doesn’t fully compensate for the effects of 
leadwire resistances, it gives a lot more accurate readings. For instance, using the same 
example from above, 𝑉𝑜 now becomes 
 𝑉𝑜 = 5 𝑉 (
120.85 Ω
120 Ω + 120.85 Ω
−
120 Ω
120 Ω + 120 Ω
) ≅ 8.82 𝑚𝑉 (2.26) 
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Figure 2.11. Three-wire connected strain gage in quarter-bridge [8]  
Thus, if it is needed for a given application, to even further compensate for the effects of 
leadwire resistances, one can calculate the effective resistance of the gage with 𝑅𝑤𝑖𝑟𝑒2, 
knowing the physical data of the wire: exact length, AWG number (diameter), material, 
and its corresponding percent change in resistance with respect to temperature. Once the 
effective resistance of the gage with 𝑅𝑤𝑖𝑟𝑒2 is known, the “error” in 𝑉𝑜 due to 𝑅𝑤𝑖𝑟𝑒2 is 
calculated. The system is then calibrated beforehand by setting the measuring instrument 
to subtract that error from 𝑉𝑜 so that the bridge is initially balanced (𝑉𝑜 = 0). When the 
system is digitally enhanced, this error subtraction is done in real time with a very quick 
response to the changes in temperature. This will be developed in detail in Chapter 4.  
While a three-wire strain gage connection compensates for the effects of leadwire 
resistances, one common way to compensate for temperature effects due to non-zero 
coefficients of thermal expansion of the gage and the test specimen, is to use a so-called 
dummy strain gage. A dummy strain gage replaces the second resistor of the same arm of 
the bridge that contains the first strain gage. This is shown in Fig. 2.12.   
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Figure 2.12. Quarter-bridge with a dummy strain gage [8] 
In this method, only one strain gage is physically attached to the test specimen and is 
subject to strain (an active strain gage), while the second strain gage is not placed on the 
test specimen and is not subject to strain (a dummy strain gage). This dummy strain gage 
is only connected to the bridge circuit. Thus, when the change in temperature causes a 
change in the resistance of an active gage by a certain amount, the resistance of a dummy 
gage will change by the same amount, and the bridge will remain balanced. This 
arrangement is still considered a quarter-bridge because there is only one active gage 
present [8].  
When using two strain gages in the circuit, to improve the effectiveness of the 
system and to get the most from the second strain gage, a half-bridge circuit can be used. 
In this case both gages are active. There are two ways to place strain gages in a half-
bridge with the following configurations: 
Configuration 1 (Fig. 2.13): 
Shown on the left, test specimen is subject to axial strain, and on the right, test 
specimen is subject to bending strain. Two strain gages are both placed on the test 
specimen. One gage, 𝑅4(+𝜀), measures the strain, while the other one, 𝑅2(−𝜈𝜀) 
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is placed transverse to the principal axis of the strain. This configuration permits 
measurement of Poisson’s ratio 𝜈. Temperature effects are minimized [6]. 
 
Figure 2.13. Half-bridge configuration 1 [6] 
Configuration 2 (Fig. 2.14): 
Bending strain is shown here: 𝑅4(+𝜀) is in tension and 𝑅2(−𝜀) is in compression, 
indicated by the corresponding signs of strain ε. Two strain gages, 𝑅4(+𝜀) and 
𝑅2(−𝜀),  are placed on the opposite sides of the test specimen. Both strain gages 
measure strain; when one is in tension, the second is in compression, and vice 
versa. Both gages are placed in the same arm of the bridge. Temperature effects 
are minimized [6]. 
 
Figure 2.14. Half-bridge configuration 2 [6] 
A full-bridge is utilized to maximize the responsiveness of the bridge to the 
applied strain. In a full-bridge, there are four active strain gages, i.e. all four resistors of 
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the bridge are replaced by strain gages and all of them are placed on the test specimen. 
There are two ways to implement full-bridge configurations: 
Configuration 1 (Fig. 2.15):  
Bending strain is shown here: 𝑅2(+𝜀) and 𝑅4(+𝜀) are in tension, 𝑅1(−𝜀) and 
𝑅3(−𝜀) are in compression, indicated by the according signs of the strain 𝜀. Two 
closely placed strain gages are positioned on the test specimen in the direction of 
the principal axis of the strain and the other two closely placed strain gages are 
positioned the same way but on the opposite side of the test specimen. When the 
gages at the top are tensed, the gages at the bottom are compressed, and vice 
versa. Temperature effects are minimized [6].  
 
Figure 2.15. Full-bridge configuration 1 [6]  
Configuration 2 (Fig. 2.16): 
Shown on the left, test specimen is subject to bending strain, and on the right, test 
specimen is subject to axial strain. In one pair of strain gages, one gage is placed 
parallel to the principal axis of the strain, while the other gage is placed transverse 
to the principal axis of the strain. Another pair of strain gages are placed the same 
way on the opposite side of the test specimen. Temperature effects are minimized 
[6]. 
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Figure 2.16. Full-bridge configuration 2 [6] 
Both half- and full-bridge arrangements are a better choice than a quarter-bridge 
arrangement, because they provide a greater sensitivity and an in-circuit temperature 
compensation. In addition, the full-bridge arrangement provides a linear input-output 
relationship, while granting the greatest sensitivity. Quarter- and half-bridge circuits may 
be considered linear only when the change in gage resistance under applied force is very 
small in comparison to gage’s nominal resistance. However, both half- and full-bridge 
circuit arrangements can be implemented with only a few types of test specimens which 
physically allow such configurations. Usually this is the simplest mechanical object for 
strain measurement - a uniform rectangular cantilever pivoted at one end. Therefore, if 
the system requires strain measurements of physically more complex objects, the choice 
of bridge arrangement is limited to only the quarter-bridge strain gage configuration. This 
arrangement is very common due to its simplicity and its low cost [8].  
For the purposes of this research, a single active strain gage quarter-bridge circuit 
will be used. The quarter-bridge with a dummy gage will not be implemented since a 
dummy gage only compensates for ambient temperature. Unless it is mounted on an 
unstrained specimen in the same manner as the active gage, a dummy gage cannot 
compensate for temperature effects due to mismatch of temperature coefficients of 
expansion of the gage and the material. Neither can it compensate for temperature effects 
of the gage factor, even though a three-wire connection method partially reduces these 
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effects. Therefore, a proposed method of temperature compensation through digital 
enhancement of the strain gage circuit will be performed to correct readings for 
temperature. While the main objective of this work is to compensate for effects of 
temperature by digitally enhancing strain gage analog circuits, the same technique will be 
utilized to linearize the output of the bridge, as well as to offset null the circuit to balance 
the unstrained bridge system. The description of this method of temperature 
compensation, as well as its advantages and perspectives are discussed further in Chapter 
4.  
This research focuses on temperature compensation of the strain gage readings by 
processing the signal of the system and performing mathematical operations that directly 
involve temperature at the time of the strain reading. In this approach, that utilizes a 
microcontroller to both obtain and process the signals, there is a need for acquiring 
changes in strain as well as changes in temperature of the system. Methods of strain 
acquisition have already been discussed in this chapter (Wheatstone bridge and its 
various configurations). Since there is a need for acquiring temperature readings, 
temperature measurement methods are an essential part of this design. These methods 
will be discussed in the following chapter.  
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Chapter 3 
Overview of Electrical Temperature Measurement  
3.1 Introduction to temperature sensors 
The two most common methods of temperature measurement are mechanical and 
electrical. The thermometer is the most widely-used temperature measurement instrument 
that serves as an example of mechanical method. Different types of thermometers (liquid-
in-glass, bimetallic, pressure, etc.) use the principle of motion to measure temperature, 
typically because a change in temperature causes expansion or compression of materials 
that are used in thermometer. All these devices display the temperature by displaying the 
displacement of various materials in them. This temperature, however, can’t be acquired 
and processed by any data acquisition system. On the other hand, a method of electrical 
temperature measurement allows acquisition of the temperature and its changes. 
Electrical temperature measurement involves sensors that react to the change in 
temperature by causing change in some electrical parameter, like resistance [11]. This 
electrical change can be measured and read by electrical instruments, data acquisition 
systems, and microcontrollers.  
For purposes of this work, only electrical temperature measurement sensors are 
discussed in more detail. The most commonly used electrical temperature sensors are 
thermocouples, thermistors, and RTDs.  
3.2 Thermocouples 
A thermocouple is a thermoelectric sensor that consists of two wires of different 
metals which are joined together at one end. That joint is the “hot” junction of a 
thermocouple. The other two ends of two wires form the “cold” junction, that is kept at a 
constant temperature. The hot junction is subject to changes in temperature. Whenever 
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the hot junction senses a temperature, a voltage two metals at the cold junction is 
produced. This voltage is a function of temperature change. The potential difference is 
created due to Seebeck effect. This effect produces a potential difference of only a few 
millivolts [12]. Figure 3.1 below shows the basic operation of a thermocouple.  
 
Figure 3.1. Basic operation of a thermocouple. Temperature change is sensed at the hot junction J1, and 
this change is reflected as the voltage difference Vout at the cold junction [12] 
Thermocouples can be manufactured from a set of two dissimilar metals. The 
ANSI standard color codes for most common types of thermocouples are given in Table 
3.1. The colors are those of the insulation of the thermocouple wires. 
Table 3.1. ANSI standard color codes for most common types of thermocouples [11] 
ANSI 
Code 
Conductors (+/-) Color Codes (+/-) Max 
Temperature 
Range 
EMF Over 
Max 
Temperature 
Range 
J Iron / Constantan White / Red -210 to 1200 °C -8.095 to 
69.553 mV 
K Chromel / Alumel Yellow / Red -270 to 1372 °C -6.458 to 
54.886 mV 
E Chromel / 
Constantan 
Purple / Red -270 to 1000 °C -9.835 to 
76.373 mV 
T Copper / Constantan Blue / Red -270 to 400 °C -6.258 to 
20.872 mV 
R Platinum and 10% 
Rhodium / Platinum 
Black / Red -50 to 1768 °C -0.226 to 
21.101 mV 
S Platinum and 13% 
Rhodium / Platinum 
Black / Red -50 to 1768 °C -0.226 to 
18.693 mV 
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A thermocouple is a very common temperature sensor and is widely used in 
various applications. Its popularity is mainly due to its simplicity, small size, ease of use, 
and its response speed to changes in temperature. In addition, thermocouples have the 
widest range of temperature measurement among all other temperature sensors – from 
about -270 to about 1800 °C [15]. 
3.3 Thermistors 
A thermistor is a sensor whose resistance is strongly related to changes in 
temperature; it is therefore considered a s special type of resistor (“thermally sensitive 
resistor”). Thermistors are known for their fast response time due to significant changes 
in their resistance with respect to small changes in temperature [14]. Thermistors can be 
designed with a negative temperature coefficient (NTC), meaning that their resistance is 
inversely proportional to the temperature (an increase in temperature results in a decrease 
in resistance, and vice versa). On the other hand, thermistors can be designed with a 
positive temperature coefficient (PTC) such that the resistance and temperature are 
directly proportional, i.e. an increase in temperature results in an increase in temperature, 
and vice versa [2]. The symbols for PTC and NTC type thermistors are shown in Fig. 3.2.  
 
Figure 3.2. (a) PTC thermistor symbol & (b) NTC thermistor symbol. The horizontal line at the left end of 
the diagonal line across the thermistor represents the nonlinearity of the change in resistance with respect to 
the change in temperature [2]  
Thermistors are made from a ceramic type semiconductor material using metal 
oxide technology. Temperature dependence of the resistance of a semiconductor material 
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is the property of these materials that makes them useful in manufacturing of thermistors. 
Resistance of semiconductors is temperature dependent due to the change in the number 
of available charge carriers and their mobility. In NTC thermistors when temperature of 
the system increases, so does the number of mobile charge carriers, decreasing the 
resistivity of the material. This process causes the semiconductor to have a negative 
temperature coefficient. Positive temperature coefficient over a limited temperature is 
achieved when semiconductor material is heavily doped so that it achieves metallic 
properties. In most applications, NTC thermistors are commonly used [2].  
Figure 3.3 shows the resistance-temperature relationship for various NTC type 
thermistors over a temperature range from -50 °C to 300 °C. All of these curves display 
the nonlinear relationship between the resistance and the temperature of a thermistor. 
Over a 50 °C span, NTC thermistors show almost exponential resistance-temperature 
dependence. Equation (3.1) describes this dependence.   
 
Figure 3.3. Resistance-temperature curve for several thermistors [2] 
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 𝑅𝑇 = 𝑅0𝑒
𝐵(
1
𝑇−
1
𝑇0
)
 (3.1)  
where 𝑅𝑇 is the measured resistance at absolute temperature 𝑇 in K, 𝑅0 is the resistance 
at 25 °C or other reference temperature 𝑇0 in K, and 𝐵 is the characteristic temperature of 
the material which itself is temperature-dependent. 𝐵 usually ranges from 2000 K 
(1726.85 °C) to 4000 K (3726.85 °C) [2]. The value of 𝐵 can be calculated by measuring 
two resistances, 𝑅1 and 𝑅2 of NTC thermistor at two different temperatures 𝑇1 and 𝑇2, 
respectively. Then, solving Eq (3.1) for 𝐵 yields: 
 𝐵 =  
ln (
𝑅2
𝑅1
)
1
𝑇1
−
1
𝑇2
 (3.2)  
where 𝑇1 and 𝑇2 are in K. 
From Eq (3.1) we can also find the relative sensitivity 𝛼 of thermistor, given by: 
 𝛼 =
𝑑𝑅𝑇/𝑑𝑇
𝑅𝑇
= −
𝐵
𝑇2
 (3.3)  
Equation (3.1) is the resistance-temperature relationship over a 50 °C span. For 
this span, Eq. (3.1) yields a ±0.3 °C accuracy. This is a two-parameter model. For larger 
temperature spans, a three-parameter model (Eq. (3.4) or, alternatively, Eq. (3.5)) is used. 
This reduces accuracy errors. Thus, increasing the number of parameters in the equation 
results in smaller errors in accuracy. Three-parameter model is given by Eq (3.4), known 
as the Steinhart and Hart equation [2]: 
 𝑅𝑇 = 𝑒
(𝑎+
𝑏
𝑇+
𝑐
𝑇3
)
 (3.4) 
 
1
𝑇
= 𝑎 + 𝑏 ln 𝑅𝑇 + 𝑐(ln 𝑅𝑇)
3 (3.5) 
29 
 
Parameters 𝑎, 𝑏, and 𝑐 can be calculated by measuring 𝑅𝑇 at three different temperatures. 
Then the resistance-temperature relationship is given by Eq (3.6): 
 𝑅𝑇 = exp (√−
𝑚
2
+ √
𝑚2
4
+
𝑛2
27
23
+ √
𝑚
2
− √
𝑚2
4
+
𝑛2
27
23
) (3.6)  
where 𝑚 = (𝑎 −
1
𝑇
)/𝑐 and 𝑛 = 𝑏/𝑐 [2]. 
From resistance-temperature relationships shown in equations above, temperature 
and resistance are not linearly related, therefore the output of NTC thermistor requires 
linearization. In addition, thermistor is a passive circuit element, which means that it 
requires external excitation to read its resistance, and it doesn’t generate power, but 
dissipates it. This results in self-heating of an element at high currents [2]. Power 𝑃 is 
then given by: 
 𝑃 = 𝑉𝑇 × 𝐼𝑇 = 𝐼𝑇
2𝑅𝑇 = 𝛿(𝑇 − 𝑇𝑎) + 𝐶
𝑑𝑇
𝑑𝑡
 (3.7)  
where 𝑉𝑇 and 𝐼𝑇 are voltage across and current through the thermistor, respectively, 𝛿 is 
the thermistor dissipation constant in (mW/K), 𝐶 is the thermal capacity (product of mass 
and specific heat) of the thermistor in (mJ/K), and 𝑇𝑎 is the ambient temperature in K.  
Such characteristics as the temperature range, nominal resistance, characteristic 
temperature 𝐵, etc. and their useful ranges for most commonly used thermistors, are 
given in Table 3.2 
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Table 3.2. Characteristics of thermistors [2] 
Parameter 
Temperature range -100 °C to 450 °C (not in a single unit) 
Nominal resistance (at 25 °C) 0.5 Ω to 100 MΩ (1 kΩ to 10 MΩ is common) 
Characteristic temperature, 𝐵 2000 K to 5500 K 
Maximal temperature > 125 °C (300 °C in steady state, 600 °C 
intermittently) 
Dissipation constant, 𝛿 1 mW/K in still air 
8 mW/K in oil 
Thermal time constant 1 ms to 22 s 
Maximal power dissipation 1 mW to 1 W 
 
3.4 RTDs 
An RTD (resistance temperature detector) is a temperature sensor that changes its 
resistance with respect to temperature, similar to thermistor. RTDs are known for their 
accuracy and stability [14]. Unlike thermistors, RTDs are made of metal, commonly a 
platinum or a nickel. A platinum RTD is sometimes referred to as a PRT (platinum 
resistance thermometer). Operation of an RTD is based on the dispersion of electrons and 
reduction of their mobility with reference to significant increase in temperature. This 
yields to an increase in the resistance. Figure 3.4 shows the symbols for RTDs. Multiple 
terminal points reduce resistance effects of leadwires.  
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Figure 3.4. Symbols for RTDs: (a) standard, (b) three terminal point, and (c) four terminal point. Diagonal 
line crossing the resistor indicates linearity of resistance relative to temperature [2]  
The resistance-temperature relationship of an RTD is given by Eq. (3.8): 
 𝑅 = 𝑅0[1 + 𝛼1(𝑇 − 𝑇0) + 𝛼2(𝑇 − 𝑇0)
2 + ⋯ + 𝛼𝑛(𝑇 − 𝑇0)
𝑛] (3.8)  
where 𝑅 is the resistance being measured at temperature 𝑇, 𝑅0 is the resistance at initial 
reference temperature 𝑇0, and 𝛼1, 𝛼2… 𝛼𝑛 are the temperature coefficients that can be 
determined by measuring resistance at different temperatures. The change in temperature 
results in the change in resistivity and dimensions, which cause a change in resistance. 
For the PRT,  𝛼1 ≈ 3.95 × 10
-3/K, 𝛼2 ≈ -5.83 ×10
-7/K2, higher-order coefficients are 
inconsequential. For temperatures over 298 K, 𝛼1 has a much more significant effect than 
𝛼2 and other higher-order terms. Therefore, usually for metals used in RTDs in their 
respective linear ranges, Eq (3.8) may be reduced to 
 𝑅 =  𝑅0[1 + 𝛼(𝑇 − 𝑇0)] (3.9)  
The dependence now is linear. The temperature coefficient 𝛼 (also known as the relative 
sensitivity) is calculated from resistances 𝑅1 and 𝑅2 measured at two reference 
temperatures 𝑇1 and 𝑇2, respectively: 
 𝛼 =  
𝑅2 − 𝑅1
(𝑇2 − 𝑇1)𝑅1
 (3.10)  
Some specifications for different types of RTDs are given in Table 3.3.  
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Table 3.3 Parameters of various types of RTDs [2] 
Parameter Platinum Copper Nickel Molybdenum 
Span, °C -200 to +850 -200 to +260 -80 to +320 -200 to +200 
𝛼 at 0 °C, 
(Ω/Ω)/K 
0.00385 0.00427 0.00672 0.003786 
𝑅 at 0 °C, Ω 25, 50, 100, 
200, 500, 1k, 
2k 
10 (20 °C) 50, 100, 120 100, 200, 500, 
1k, 2k 
Resistivity at 
20 °C, μΩ ∙ m 
10.6 1.673 6.844 5.7 
Even though RTDs are commonly used because of their accuracy, high 
repeatability and stability, there is a disadvantage that becomes significant for certain 
applications [14]. Like strain gages, RTDs tend to change their resistance with respect to 
strain. This is important for applications in which an RTD may be bonded to a test 
specimen. If an RTD is used as part of a scheme to correct a strain gage system for 
temperature, effects of strain on the RTD must be minimized. Therefore, the placement of 
an RTD on the test specimen is essential.  
 
3.5 Comparison of Various Types of Temperature Sensors 
The purposes of this research and the proposed design approach require the use of 
a temperature sensor. By comparing several parameters of sensors discussed earlier in 
this chapter, it is possible to choose a sensor that most closely match design requirements. 
Table 3.4 compares parameters of thermistors, thermocouples, and RTDs. 
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Table 3.4. Comparison of temperature sensors [15] 
 Thermocouple RTD Thermistor 
Temperature 
Range 
-270 to 1800 °C -250 to 900 °C -55 to 150 °C 
Sensitivity 10s of μV/°C 0.00385 Ω/Ω / °C 
(platinum) 
Several Ω/Ω / °C 
Accuracy ±0.5 °C ±0.01 °C ±0.01 °C 
Linearity Requires at least a 
4th order 
polynomial (for 
curve-fitting) or 
equivalent look up 
table. 
Requires at least a 
2nd order 
polynomial (for 
curve-fitting) or 
equivalent look up 
table. 
Requires at least a 
3rd order 
polynomial (for 
curve-fitting) or 
equivalent lookup 
table. Can also be 
linearized to 10-bit 
accuracy over a 50 
°C temperature 
range.  
Ruggedness The larger gauge 
wires of the 
thermocouple make 
this sensor more 
rugged. 
Additionally, the 
insulation materials 
that are used 
enhance the 
thermocouple’s 
sturdiness. 
RTDs are 
susceptible to 
damage as a result 
of vibration. This is 
due to the fact that 
they typically have 
26 to 30 AWG 
leads which are 
prone to breakage.  
The most stable, 
hermetic 
thermistors are 
enclosed in glass. 
Generally, 
thermistors are 
harder to handle, 
but not affected by 
shock or vibration.  
Excitation None required Current source Voltage source 
Output Type Voltage Resistance Resistance 
Typical Size Bead diameter = 5 
× wire diameter 
0.25 × 0.25 in. 0.1 × 0.1 in. 
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 To select the most suitable temperature sensor for this research’s design 
approach, it is best to discuss and compare all three sensors parameter by parameter.  
a) Temperature Range. Setup and testing of the equipment to measure strain and 
temperature is performed in room conditions. There is no need for extreme 
temperatures in this design. Therefore, all three sensors are suitable.  
b) Sensitivity. Thermocouple has the least sensitivity, while thermistor has the 
largest sensitivity. This means that the voltage drop across a thermistor yields a 
much larger output than a thermocouple or an RTD. Therefore, a thermistor is 
best suitable. 
c) Accuracy. Thermocouple is the least accurate. While Table 3.4 gives equal 
accuracy of ±0.01 °C for both an RTD and a thermistor, many other sources, 
including [15] and [16], state that an RTD is the most accurate sensor. Therefore, 
an RTD is best suitable.  
d) Linearity. The higher the order of the required polynomial, the more nonlinear 
the sensor is. According to Table 3.4 and Eq. (3.9), an RTD is the most linear 
sensor. Therefore, an RTD is best suitable.  
e) Ruggedness. Thermocouple is the most rugged, while an RTD is the least 
rugged. However, ruggedness is of the least importance in this design. Therefore, 
all three sensors are suitable. 
f) Excitation. While thermistor and RTD require a voltage and a current source, 
respectively, thermocouple doesn’t need any source of excitation. This means that 
there will be less components in the circuit. Therefore, a thermistor is best 
suitable.  
g) Output type. Thermocouple senses the change in temperature and     translates 
it into voltage at the output, while both RTD and thermistor reflect the 
temperature change in their resistances. This means that in order to read the 
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change in temperature, there is a need for signal conditioning for both an RTD 
and a thermistor. Thermocouple doesn’t require any signal conditioning circuit. 
Therefore, a thermistor is best suitable.  
h) Typical size. While thermistor is the smallest in sizes, thermocouple is the 
largest. Small sizes are highly desired for this approach, therefore both an RTD 
and a thermistor are suitable.  
 Such parameters as ruggedness, excitation and the output type are not of the 
most importance. Their insignificance is described in detail in Chapter 5, that primarily 
focuses on the design approach and the setup for testing. The setup is being tested for the 
range of temperatures from 0 to 60 °C; it requires very accurate readings of the 
temperature and the linearity is of high importance. Thus, for the purposes of this 
application, a platinum RTD has been selected as the most suitable temperature sensor.   
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Chapter 4 
Digital Enhancement of Strain Gage Circuits 
4.1 Overview of The Proposed Design  
Temperature compensation of strain gages is crucial in most applications. As 
discussed in Chapter 2, there are some common ways of temperature compensation by 
physical modification of systems in which strain gages are utilized. However, there are 
some disadvantages and/or constraints on those methods. For instance, a dummy gage 
offers compensation due to mismatch of temperature coefficients of expansion of the 
gage and the material only if it is placed on an unstrained test specimen in a similar 
manner as the active gage. The unstrained test specimen must be of the same material, 
have the same exact dimensions and physical properties as the test specimen that is being 
used for strain measurements. Half- and full-bridges have the advantage of compensating 
for temperature effects caused by all possible sources. However, these configurations can 
only be utilized in applications that allow the appropriate placement of half- and full- 
bridges (see Section 2.4 of Chapter 2). As a result of these disadvantages, there is a need 
for a universal method of temperature compensation that offers high precision as well as 
flexibility to various applications. By taking advantage of small errors, wide dynamic 
range of signals, and flexibility of digital signal processing, strain gage measurement 
systems, analog in nature, can be digitally enhanced to yield the best results.  
Digital temperature compensation of strain measurement systems is a method in 
which analog output signals of such systems are processed digitally. These signals are 
then easily used to undergo numerical computations to achieve a desired output, defined 
by the user. In this research, a system containing analog circuits is constructed. The two 
physical quantities that need to be measured are strain and temperature (both are analog 
in nature). To measure strain, the quarter-bridge circuit with single active strain gage is 
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designed. To measure temperature, the RTD is utilized. The readings of temperature are 
then used to apply a posteriori correction to the strain reading.  
Before corrections to strain reading for the effects of temperature are made, one 
important error needs to be considered. Since sometimes strain measurements are 
performed with an unbalanced bridge circuit, i.e. Eq (2.19) is not true, errors due to 
Wheatstone bridge nonlinearity occur. Therefore, in addition to making corrections for 
effects of temperature on strain gages, corrections for errors due to bridge circuit 
nonlinearity are made.  
Most strain gages available for commercial purchase are manufactured by Micro-
Measurements, a division of Vishay Precision Group. These strain gages are available for 
purchase on Digi Key Electronics. Micro-Measurements specializes in the development 
and manufacture of products for high-precision strain measurement. This division of 
Vishay Precision Group provides informative procedures on corrections for errors due to 
Wheatstone bridge nonlinearity (in Tech Note TN-507-1) and due to the effects of 
temperature (in Tech Note TN-504-1).   
4.2 Linearization  
According to Tech Note TN-507-1, corrections for nonlinearity of the bridge are 
based on the gage factor of the strain gage and the number of active arms in the bridge. 
Figure 4.1 shows nonlinearities that occur in different configurations and the corrections 
that can be made to them.  
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Figure 4.1. Nonlinearities and corrections for various bridge configurations [15] 
In this table, 
𝐸𝑜
𝐸
 is the ratio of the output voltage to the voltage supply, 𝐹 is the gage factor 
of the strain gage, 𝐾 is the constant that is determined by the gage factor 𝐹 and the 
number of active arms in the bridge, 𝜈 is Poisson’s ratio, and 𝜂 represents the error 
caused by nonlinearity. The last column gives the strain 𝜖 corrected for nonlinearities as 
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the function of the strain 𝜖𝑖 obtained during measurement before corrections are made 
[15]. Both 𝜖 and 𝜖𝑖 are in με.  
In this design, a single active strain gage quarter-bridge configuration is used, and 
the gage factor of the strain gage is provided by manufacturer. From Fig. 4.1, the 
correction for nonlinearity is performed using the following equation: 
 𝜖 =  
2𝜖𝑖
2 − 𝐹𝜖𝑖 × 10−6
 (4.1)  
This simple procedure reduces the error caused by nonlinearities of Wheatstone 
bridge to minimum. Once the strain corrected for nonlinearities is obtained, it is then used 
to correct for the effects of temperature.  
3.3 Thermal output  
According to Tech Note TN-504-1, thermal output is defined as the change in 
resistance of the strain gage due to the change in temperature. The following equation 
then describes thermal output: 
 (
∆𝑅
𝑅0
)𝑇/𝑂 = [𝛽𝐺 + 𝐹𝐺(
1 + 𝐾𝑡
1 − 𝜈0𝐾𝑡
)(𝛼𝑆 − 𝛼𝐺)]∆𝑇 (4.2)  
where  
(
∆𝑅
𝑅0
)𝑇/𝑂 = unit change in resistance from the initial reference resistance, 𝑅0, 
caused by change in temperature resulting in thermal output; 
 𝛽𝐺 = temperature coefficient of resistance of the grid conductor; 
 𝐹𝐺  = gage factor of the strain gage; 
 𝐾𝑡 = transverse sensitivity of the strain gage; 
 𝜈0 = Poisson’s ratio of the test material; 
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 𝛼𝑆 − 𝛼𝐺  = difference in thermal expansion coefficients of substrate and grid,               
 respectively; 
 ∆𝑇 = temperature change from an arbitrary initial reference temperature.  
Equation (4.2) demonstrates that the thermal output depends on the nature of the 
strain gage as well as on the material to which the gage is bonded. Because of this, 
thermal output data are specific for every strain gage and every test specimen. These data 
are provided by the manufacturer on request or with the purchase of the strain gage.  
To define thermal output in strain units, Eq (4.2) is divided by the gage factor 
setting 𝐹𝐼 of the instrument (defined by user and usually set to the gage factor of the 
gage): 
 𝜖𝑇/𝑂 =
(
∆𝑅
𝑅0
)𝑇/𝑂
𝐹𝐼
 
(4.3)  
where 𝜖𝑇/𝑂 = thermal output in strain units; that is, the strain magnitude registered by a 
strain indicator (with a gage factor setting of 𝐹𝐼), when the gage installation is subjected 
to a temperature change, ∆𝑇, under conditions of free thermal expansion for the substrate. 
Basically, 𝜖𝑇/𝑂 represents the strain measurement error caused by change in temperature. 
Micro-Measurements supplies a regression fitted (least-squares) polynomial equation that 
represents the thermal output 𝜖𝑇/𝑂 curve for each specific lot of strain gages. The 
polynomial equation has the following form: 
 𝜖𝑇/𝑂 = 𝐴0 + 𝐴1𝑇 + 𝐴2𝑇
2 + 𝐴3𝑇
3 + 𝐴4𝑇
4 (4.4)  
where 𝑇 is temperature (in °C or °F) and coefficients 𝐴𝑖 are provided by the manufacturer 
for each specific lot. It should be noted that the data for thermal output provided by 
Micro-Measurements is standardized for 𝐹𝐼 = 2.0. If the gage factor setting 𝐹𝐼 of the 
instrument utilized in the application is not 2.0, then the thermal output can be corrected 
as follows: 
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 𝜖𝑇/𝑂
′ = 𝜖𝑇/𝑂
2.0
𝐹𝐼
 (4.5)  
where  
 𝜖𝑇/𝑂
′  = thermal output adjusted for gage factor setting; 
 𝜖𝑇/𝑂 = thermal output from gage package data (𝐹𝐼 = 2.0).  
Once the coefficients for Eq (4.4) are obtained and measurements are made, this method 
is used to analytically correct strain for thermal output: 
 𝜖̇ = 𝜖̈ − 𝜖𝑇/𝑂 (4.6)  
where 𝜖𝑇/𝑂 = thermal output at certain temperature, in strain units, from Eq (4.4); 
 𝜖̈ = uncorrected strain measurement, registered by strain indicator 
(microcontroller in this research); 
 𝜖̇ = strain corrected for thermal output.  
It should be noted that not only thermal output causes errors in measurements, but 
so does the gage factor which itself is temperature-dependent. Sometimes it is necessary 
to compensate for the changes in gage factor depending on the application. Temperature 
coefficient of gage factor is often provided by the manufacturer and is usually between 1 
to 2% per 100 °C (0.01 to 0.02% per every °C). To correct for gage factor variation with 
temperature, the change in gage factor at a given temperature can be calculated. This is 
then used to calculate the error in strain due to this effect, and this error is subtracted 
from the measured strain. Usually, these errors are rather small in comparison to the 
errors caused by thermal output. Therefore, errors caused by change in gage factor are 
often ignored.  
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Chapter 5 
Design Approach 
5.1 Outline of The Design Approach 
 In order to test the proposed design, the following approach is utilized. A 
rectangular cantilever beam is the test specimen that is subject to strain. To measure 
strain, a strain gage, manufactured by Micro-Measurements division of Vishay Precision 
Group, is bonded on the cantilever. Then this gage is electrically connected to the 
quarter-bridge circuit so that the change in gage’s resistance due to strain is reflected at 
the output of the bridge. Usually the output voltage is in the range of millivolts; therefore, 
an instrumentation amplifier is connected to the output of the quarter-bridge. An 
instrumentation amplifier is commonly used in measurement systems because it doesn’t 
have the effect of common mode noise and it doesn’t require an input impedance 
matching. The amplified signal is then fed into one of the analog inputs of the data 
acquisition system, which in this design is an Arduino microcontroller. Arduino has a 
built-in 10-bit analog-to-digital converter. All the signals at its analog inputs are 
converted to digital and then they can be read and used to perform different operations, 
by programming the Arduino.  
A platinum RTD is bonded adjacent to the gage on the surface of the cantilever so 
that it measures the temperature in the gage as accurate as possible. An RTD requires a 
constant current source for its excitation. A signal conditioning circuit with dual current 
source and that contains the RTD connected in series with a reference resistor, is 
implemented. Most commonly used constant current sources in signal conditioners are 
usually in the range of hundreds of microamps to a few milliamps and most RTDs have 
resistances at 0 °C in the range of 10 Ω - 2 kΩ [20]. The output voltage of these signal 
conditioners is then in the range of tenths of a volt to a volt. This requires amplification 
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and so another instrumentation amplifier is used to amplify the output signal of an RTD 
signal conditioning circuit. The amplified signal is then fed into another analog input of 
the Arduino. Figure 5.1 below shows the block diagram of the testing system.   
 
Figure 5.1. Block diagram of the testing system. 
The Arduino microcontroller is receiving two analog signals: the output voltage 
of the amplified quarter-bridge circuit and the output voltage of the amplified RTD signal 
conditioner. By knowing voltage gains of each of instrumentation amplifiers, generated 
voltages at the output of strain gage quarter-bridge and the RTD signal conditioning 
circuit are calculated. The relationship of the bridge output voltage and its resistances, as 
well as the relationship of the gage’s resistance and strain in the system, help to compute 
the generated strain in the cantilever due to application of force. The relationship of the 
RTD signal conditioner output voltage and its resistance, as well as the RTD’s 
temperature coefficient, help to compute the temperature in the system. Thus, by 
calculating strain and temperature at the moment of application of known force to the 
cantilever, procedures described in Chapter 4 are followed to correct strain readings for 
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the effects of temperature on the strain gage. All these calculations and corrections are 
made by programming the Arduino to perform appropriate mathematical computations.  
Strain and temperature, both analog in nature, are the two inputs to the system. 
Strain is generated by applying a gravitational force to the cantilever using standard 
weights. Temperature is changed with addition of heat source to the system. These two 
inputs are then sensed by the first stage of analog signal processing: quarter-bridge circuit 
for strain measurement and RTD signal conditioning circuit for temperature 
measurement. The outputs of the first stage are differential voltages. These are then 
inputted to the second analog signal processing stage: instrumentation amplifiers. They 
then output two analog voltage signals amplified according to the gain setting of these 
instrumentation amplifiers. These voltage signals are fed into analog input pins of 
Arduino and are measured with respect to ground. At this stage, Arduino’s built-in 10-bit 
DAQ converts inputted analog voltages to digital numbers between 0 and 1023. These 
digital numbers are then understood by the Arduino’s microprocessor and can be utilized 
to calculate necessary variables, like the measured strain, temperature, output voltage of 
the bridge, output voltage of the RTD signal conditioner, etc. Then these computed 
values are displayed on the LCD communicating with the Arduino or on other form of 
Arduino user interface (serial monitor, for instance).  
5.2 The Cantilever Beam and Strain Measurement Circuit 
All Micro-Measurements manufactured strain gages are self-temperature-
compensated.  Self-temperature-compensation of strain gages is possible because of the 
metallurgical properties of some strain gage alloys that allow these alloys to be processed 
to minimize the temperature effects of strain gages over a wide temperature range [19].  
Every lot of these strain gages comes with a designation number which contains the 
letters XX. The XX is a two-digit S-T-C (Self-Temperature-Compensation) number of 
this lot of gages. The S-T-C number is different for each material of the test specimen. 
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Tech Note TN-504-1 contains a table of nominal thermal expansion coefficients of 
engineering materials and their recommended S-T-C numbers. When purchasing strain 
gages on Digi Key, it is sometimes possible to choose an S-T-C number for the desired 
gage. But sometimes it may be necessary to contact Digi Key to be able to purchase that 
gage. If no S-T-C number is provided during the purchase, the manufacturer will ship the 
strain gage from a random lot with a random S-T-C number. In many applications, where 
the effects of temperature on strain gages is undesirable, it is very important to obtain a 
strain gage with S-T-C number that matches the test specimen’s material. It should also 
be noted every strain gage’s datasheet only contains the designation number, nominal 
resistance, and physical dimensions. Some useful values like the grid resistance and its 
tolerance, the gage factor at nominal temperature and its temperature coefficient, the 
transverse sensitivity, and the thermal output coefficients are provided with the shipment 
package.  
 For this design, the following strain gage has been obtained (Fig. 5.2).  
 
Figure 5.2. MMF003204 General Purpose Linear Pattern Strain Gage [21] 
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Table 5.1 gives the technical data for this strain gage. Gage designation in the datasheet 
[21] is CEA-XX-250UN-350. The S-T-C number is 06 (Low Carbon Steel or Steel 
1018). Gage designation then is CEA-06-250UN-350.   
Table 5.1. Parameters of the MMF003204 strain gage designated CEA-06-250UN-350 
Parameter Value 
Grid Resistance 350.0 Ω ± 0.5% 
Gage Factor @ 24 °C 2.160 ± 0.5% 
Temperature Coefficient of Gage Factor (+1.2 ± 0.2)% /100 °C 
Transverse Sensitivity (+0.4 ± 0.2)% 
Thermal Output Coefficients for 1018 
Steel @ Gage Factor of 2.00 
Order 0       -7.65×10+1 με/ °C 
Order 1       +4.92×10+0 με/ °C 
Order 2       -8.04×10-2 με/ °C 
Order 3       +3.53×10-4 με/ °C 
Order 4        -3.65×10-7 με/ °C 
 
Replacing the 𝐴𝑖 coefficients in Eq (4.4) with thermal output coefficients from 
Table 5.1, thermal output 𝜖𝑇/𝑂 in με becomes: 
 𝜖𝑇/𝑂 = −76.5 + 4.92𝑇 − 0.0804𝑇
2 + 0.000353𝑇3 − 0.000000365𝑇4 (5.1)  
 Since these coefficients are given for 1018 Steel at gage factor of 2.00, they need 
to be adjusted for gage factor of 2.160 by combining Eq (5.1) and Eq (4.4):  
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𝜖𝑇/𝑂
′ = 𝜖𝑇/𝑂
2.0
2.160
=
= (−76.5 + 4.92𝑇 − 0.0804𝑇2 + 0.000353𝑇3
− 0.000000365𝑇4) ×
2.0
2.160
= −70.8 + 4.55𝑇 − 0.0744𝑇2 + 0.000327𝑇3
− 0.000000338𝑇4 
(5.2)  
The strain gage obtained for this procedure is self-temperature-compensated for 
low carbon steel (1018 Steel). Thus, the material of the test specimen is 1018 Steel. The 
test specimen is a uniform rectangle whose one end is pivoted on the support. The 
prototype of this configuration is shown in Figure 5.3. 
 
Figure 5.3. Prototype of the rectangular cantilever beam 
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The strain gage is directly bonded to the surface of the cantilever, and the RTD is bonded 
adjacent to the gage. The gage is placed close to the pivoted end of the cantilever to be 
able to sense the maximum torque due to the force applied at the other end of the 
cantilever. In research, only tensile strain is measured due to the difficulties in applying a 
compressive strain to the test specimen under this setup. Dimensions of the test specimen 
are shown in Fig. 5.4. 
 
Figure 5.4. Test specimen dimensions. Length of the beam L = 18” (0.4572 m), Effective length (length 
between the strain gage and the placed mass) Leff = 14.75” (0.37465 m), width b = 2” (0.0508 m), and 
thickness t = 3/32” (0.00238125 m).  
It should be noted that the strain gage’s installation on Steel or Aluminum alloys 
is a very precise process and needs to be implemented in three steps: strain gage surface 
preparation, strain gage installation with M-Bond 200 adhesive, and soldering and 
coating of a strain gage. Detailed descriptions of these steps can be found on the website 
of Vishay Precision Group [19]. Once the gage is installed, it is connected to the quarter-
bridge circuit. This circuit is shown in Fig. 5.5. 
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Figure 5.5. Quarter-bridge circuit with 350 Ω strain gage and resistors 
Substituting the values of circuit elements into Eq (2.24), the output voltage of the bridge 
at room temperature is 
 
𝑉𝑜,𝑏𝑟𝑖𝑑𝑔𝑒 = 𝑉𝑖𝑛 (
𝑅𝑔𝑎𝑔𝑒
𝑅2 + 𝑅𝑔𝑎𝑔𝑒
−
𝑅3
𝑅1 + 𝑅3
)
= 5𝑉 (
350 Ω
350 Ω + 350 Ω
−
350 Ω
350 Ω + 350 Ω
) = 0 
(5.3) 
The change in resistance with respect to tensile strain is described with the following 
equations. The stress 𝜎 in the cantilever of Figure 5.4 due to applied mass 𝑚: 
 𝜎 =  
6𝑊𝐿
𝑏𝑡2
 (5.4) 
where 𝑊 is the weight of the applied object (product of its mass and the gravitational 
acceleration 𝑔 = 9.81 𝑚/𝑠^2).  
The strain 𝜀 is then equal to 
 𝜀 =  
𝜎
𝐸
 (5.5) 
where E, Young’s modulus for 1018 Steel, is on average 205 GPa [4].  
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The resistance 𝑅𝑔𝑎𝑔𝑒 of the gage with gage factor 𝐹𝐼 and nominal resistance 𝑅𝑜 at 
reference temperature, with respect to tensile strain is 
 𝑅𝑔𝑎𝑔𝑒 =  𝑅𝑜(1 + 𝐹𝐼𝜀) (5.6) 
This resistance 𝑅𝑔𝑎𝑔𝑒  is then substituted back into Eq (5.3) to obtain the output voltage 
𝑉𝑜,𝑏𝑟𝑖𝑑𝑔𝑒 of the bridge when the test specimen is subject to tensile strain. This voltage is 
then amplified with INA101 instrumentation amplifier. Connections of the DIP package 
INA101 is shown in Figure 5.6. 
 
Figure 5.6. Connections of the INA101 instrumentation amplifier [23] 
The single resistor 𝑅𝐺  sets the gain 𝐺 of this amplifier. For purposes of this paper, the 
gain setting resistor 𝑅𝐺  is identified as 𝑅𝐺𝐴𝐼𝑁,𝑏𝑟𝑖𝑑𝑔𝑒 for INA101 implemented at the 
output of the bridge circuit, and 𝑅𝐺𝐴𝐼𝑁,𝑟𝑡𝑑 for INA101 implemented at the output of the 
RTD signal conditioner; the output of the amplifier is identified as 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸. The gain is 
equal to  
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 𝐺 =  1 +
40 𝑘Ω
𝑅𝐺
 (5.7) 
The gain 𝐺𝑏𝑟𝑖𝑑𝑔𝑒 of the INA101 at the output of the bridge is set to 250 V/V, thus, 
solving Eq (5.7) for 𝑅𝐺𝐴𝐼𝑁,𝑏𝑟𝑖𝑑𝑔𝑒 yields 𝑅𝐺𝐴𝐼𝑁,𝑏𝑟𝑖𝑑𝑔𝑒 = 160.6 Ω. By implementing metal 
film resistors in this setup due to their low tolerance, 𝑅𝐺𝐴𝐼𝑁,𝑏𝑟𝑖𝑑𝑔𝑒 = 162 Ω. The 162 Ω 
yields a gain of 247.91 V/V.  
When voltages at both arms of the quarter bridge (Fig. 5.5) 𝑉𝑜+,𝑏𝑟𝑖𝑑𝑔𝑒 and 
𝑉𝑜−,𝑏𝑟𝑖𝑑𝑔𝑒 are inputted to pin 12 and pin 3 of INA101 (𝐸1 and 𝐸2 in Fig. 5.6), 
respectively, the output voltage of the amplifier 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸 is given by Eq (5.8): 
 
𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸 =  𝐺𝑏𝑟𝑖𝑑𝑔𝑒(𝑉𝑜+,𝑏𝑟𝑖𝑑𝑔𝑒 − 𝑉𝑜−,𝑏𝑟𝑖𝑑𝑔𝑒) = 𝐺𝑏𝑟𝑖𝑑𝑔𝑒𝑉𝑜,𝑏𝑟𝑖𝑑𝑔𝑒
= 𝐺𝑏𝑟𝑖𝑑𝑔𝑒𝑉𝑖𝑛 (
𝑅𝑔𝑎𝑔𝑒
𝑅2 + 𝑅𝑔𝑎𝑔𝑒
−
𝑅3
𝑅1 + 𝑅3
) 
(5.8) 
This signal 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸 is then fed into an analog input A10 of the Arduino microcontroller.  
5.3 The Temperature Measurement Circuit 
To measure system’s temperature with high precision, the platinum RTD (Digi 
Key Part # 1759-1022-ND) is utilized. Parameters of this temperature sensor are given in 
Table 5.2.  
Table 5.2. Parameters of platinum RTD (Digi Key Part # 1759-1022-ND) [24] 
Parameter Value 
Nominal Resistance 𝑅0 1 kΩ at 𝑇0= 0 °C 
Temperature Range -70 to 500 °C 
Temperature Coefficient 𝛼 3850 ppm/°C 
Self Heating 0.4 K/mW at 0 °C 
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According to the temperature coefficient of this RTD (Table 5.2), its resistance 
changes by 0.00385 Ω per every 1 °C change in temperature. This means that, at room 
temperature 25 °C, substituting numbers into Eq (3.9), RTD’s resistance is  
 
𝑅𝑅𝑇𝐷 = 𝑅0[1 + 𝛼(𝑇 − 𝑇0)] = 1 kΩ[1 + 0.00385(25 ℃ − 0℃) =
1.09625 kΩ  
(5.9)  
This change in the RTD’s resistance can be measured by measuring the output 
voltage of the signal conditioning circuit that uses a constant current source excite the 
temperature sensor [2], as shown in Fig. 5.7 below. 
 
Figure 5.7. RTD signal conditioner with REF200 current source 
The two current sources are powered by 5 V voltage supply 𝑉𝑖𝑛. The resistance of 𝑅𝑧 is 
matched with RTD’s nominal resistance 𝑅0. The two current sources 𝐼 are implemented 
with REF200 dual current source and current sink IC that is available in an SOIC 
package (small outline integrated circuit). The pinout diagram for REF200 is shown in 
Figure 5.8. Since it is physically difficult to work with such small component (REF200 
dimensions are 3.91 mm × 4.90 mm), this chip is mounted on an 8-pin SOIC-to-DIP 
adapter. This adapter’s pinout is basically the SOIC’s pinout tilted 90° clockwise.  
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Figure 5.8. REF 200 SOIC package  
The two current sources 𝐼1 and 𝐼2 need to of equal magnitudes 𝐼1 = 𝐼2 = 𝐼 = 100 𝜇𝐴, so 
that when 𝐼1 goes through 𝑅𝑅𝑇𝐷 and  𝐼2 goes through 𝑅𝑧, the voltage difference 𝑉𝑜,𝑟𝑡𝑑 at 
the output of this circuit is only created if 𝑅𝑅𝑇𝐷 and 𝑅𝑧 are different. Since 𝑅𝑧 is always 
fixed at the nominal resistance of the temperature sensor, only changes in RTD’s 
resistance generates a nonzero output voltage, given by Eq (5.11).  
 𝑉𝑜,𝑟𝑡𝑑 =  𝑉𝑜+,𝑟𝑡𝑑 − 𝑉−𝑜,𝑟𝑡𝑑 (5.10) 
 𝑉𝑜,𝑟𝑡𝑑 =  𝐼𝑅𝑅𝑇𝐷 − 𝐼𝑅𝑧 = 𝐼(𝑅𝑅𝑇𝐷 − 𝑅𝑧) (5.11) 
At room temperature 25 °C, 𝑅𝑅𝑇𝐷 is 1.09625 kΩ (Eq (5.9)), so with a 100 𝜇𝐴 and a 1 kΩ 
resistor 𝑅𝑧, output of the circuit of Fig. 5.7 yields  
 𝑉𝑜,𝑟𝑡𝑑 =  100 𝜇𝐴 (1.09625 kΩ − 1 kΩ) = 9.625 𝑚𝑉 (5.12) 
Another INA101 high precision amplifier is used to amplify the output signal of 
the circuit and, thus, increase its sensitivity. The pinout diagram of INA101 can be 
referred back to Figure 5.6.  The gain of this amplifier is initially desired to be 50 V/V, so 
according to Eq (5.7)  gain setting resistor 𝑅𝐺𝐴𝐼𝑁,𝑟𝑡𝑑 is 816.33 Ω. But the closest 
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available in the setup environment metal film resistor is a 869 Ω resistor. This then gives 
a gain 𝐺𝑅𝑇𝐷 of 47.03 V/V. The output of the amplifier is  
 𝑉𝑜,𝑅𝑇𝐷 =  𝐺𝑟𝑡𝑑(𝑉𝑜+,𝑟𝑡𝑑 − 𝑉𝑜−,𝑟𝑡𝑑) = 𝐺𝑟𝑡𝑑𝐼(𝑅𝑅𝑇𝐷 − 𝑅𝑧) (5.13) 
This voltage signal is then fed into the analog input A9 of the Arduino. 
This design approach requires a heat source in order to change the temperature in 
the system and compensate for its effects on the strain gage. An easy and flexible source 
of heat is an incandescent light bulb controlled by a Variac (variable autotransformer). 
The 3PN1010V Variac from Staco Energy Products Co. is utilized in this setup. Its 
voltage and current ratings are the following: 
Input  120 VAC   50/60 Hz 
Output  0 – 140 VAC 
Rating  10 AMP   1.4 KVA 
By varying the output of the Variac, it is possible to vary the amount of incandescent 
light that produces heat. The heat source and the cantilever beam (Fig. 5.3) are enclosed 
in a small system that is well insulated for the flow of heat. Then both strain and 
temperature in the system are changed and these changes are sensed by the Arduino. 
5.4 Data Acquisition and Processing  
 This design approach is utilizing an Arduino microcontroller due to its simplicity 
and availability. Once the analog voltages 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸 and 𝑉𝑜,𝑅𝑇𝐷 at the outputs of INA101 
amplifiers are fed into the Arduino’s analog input pins A10 and A9, the built-in 10-bit 
Arduino ADC converts both of these signals to digital numbers between 0 and 1023 (210 
levels). By communicating with Arduino via USB cable of the laptop, it is easy to 
program the Arduino to perform a wide variety of mathematical computations, including 
corrections for nonlinearities in Wheatstone bridge circuits, thermal output of strain gages 
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and its gage factor’s variation with temperature, and many more. The flexibility and the 
clock speed (16 MHz) of Arduino microcontrollers allow a real-time processing of 
signals. The signals can also be constantly monitored via Arduino’s serial monitor or an 
external LCD. This setup uses a 2.8” TFT LCD Touch Screen to display the output of the 
system. Since this screen requires connections to at least six analog input pins of the 
microcontroller, Arduino Mega 2560 REV3, which has 16 analog input pins, is 
implemented.   
                    
              (a)       (b)  
Figure 5.9. (a) Arduino Mega 2560, (b) 2.8” TFT LCD Touch Screen for Arduino [28]  
The touch screen can be directly placed on top of the Arduino like a shield. This makes 
the digital enhancement circuit much more compact and portable. The analog circuitry 
(quarter-bridge, RTD signal conditioner, instrumentation amplifiers) of the system can be 
set up on Arduino proto shield and this shield is then placed between Mega and the touch 
screen. Common power supplies and common ground are used to minimize space of the 
circuitry. Figure 5.10 shows the full circuit diagram of this digitally enhanced analog 
measurement system.  
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Figure 5.10. Circuit diagram of the digitally enhanced analog strain and temperature measurement systems.  
 Once the analog circuitry is digitally enhanced by being connected to Arduino, 
the Arduino is programmed to follow a step-by-step procedure of obtaining the signals, 
performing numerical computations, and displaying results to user. The following 
functions are implemented by Arduino’s microprocessor through communication of the 
user with the Arduino. Each function is processed as soon as user presses on the touch 
screen. It’s given a name “enabling” the next function.  
 
 Calibration: 
 This is the first step that the program implements. The system is at reference 
temperature and the cantilever beam is unstrained. As soon as user starts the program, 
Arduino is given the following commands:  
 1) Read and record the signal at the analog input A10 for user-defined 𝑛 times. 
Find the average. Convert this digital number to analog voltage level value as follows: 
57 
 
 𝐴𝑛𝑎𝑙𝑜𝑔 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐿𝑒𝑣𝑒𝑙 = 𝐷𝑖𝑔𝑖𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 ∗ 
5.0
1023
 (5.14) 
 This is the 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸 before calibration.  
 2) Read and record the signal at the analog input A9 for user-defined 𝑛 times. 
Find the average. Convert this digital number to analog voltage level as shown in Eq 
(5.14). This is the 𝑉𝑜,𝑅𝑇𝐷 before calibration.  
 As soon as user presses on the screen, the next function is enabled. 
Offset nulling: 
 3) Record 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸 obtained in Step 1 as input offset 𝑉𝑜,𝑂𝐹𝐹𝑆𝐸𝑇 of the bridge. 
 4) Record 𝑉𝑜,𝑅𝑇𝐷 obtained in Step 2 as RTD reference voltage.  
 5) Ask user to apply a load to the cantilever.  
 The next function is enabled. 
Initial strain measurements: 
 Now that there is a strain in the system, it is measured and recorded. 
 6) Repeat Step 1. This is the 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸  with offset. Subtract 𝑉𝑜,𝑂𝐹𝐹𝑆𝐸𝑇 from it and 
 record it as the new 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸  
 corrected for input offset.  
 7) Compute the output 𝑉𝑜,𝑏𝑟𝑖𝑑𝑔𝑒  of the quarter bridge by dividing 𝑉𝑜,𝐵𝑅𝐼𝐷𝐺𝐸 from   
 Step 6 by 247.9135802. 
 8) Compute the resistance 𝑅𝑔𝑎𝑔𝑒 of the gage as follows: 
 𝑅𝑔𝑎𝑔𝑒 =  
−350 Ω(2 ∗ 𝑉𝑜,𝑏𝑟𝑖𝑑𝑔𝑒 + 5𝑉)
(2 ∗ 𝑉𝑜,𝑏𝑟𝑖𝑑𝑔𝑒 − 5𝑉)
 (5.15) 
 9) Compute the strain 𝜀 as follows: 
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 𝜀 =  
𝑅𝑔𝑎𝑔𝑒 
350 Ω − 1
𝐹𝐼 
 (5.16) 
 10) Compute the stress 𝜎 as follows: 
 𝜎 = 𝜀 ∗ (205 𝐺𝑃𝑎) (5.17) 
 11) Record the strain 𝜀 from Step 9 as uncorrected strain 𝜀𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑  
 The next function is enabled. 
Initial temperature measurements: 
 12) Divide 𝑉𝑜,𝑅𝑇𝐷 obtained in Step 4 by the gain of INA101 47.30219125 V/V  
 and record this value as 𝑉𝑜,𝑟𝑡𝑑. 
 13) Compute the RTD’s resistance as follows: 
 𝑅𝑅𝑇𝐷 =
𝑉𝑜,𝑟𝑡𝑑
100 𝜇𝐴
+ 987Ω  (5.18) 
 14) Compute the temperature in the system as follows: 
 𝑇 =
𝑅𝑅𝑇𝐷
1 𝑘Ω − 1
0.00385 Ω/℃
   (5.19) 
 The next function is enabled. 
Mass of the load and linearization: 
 15) Compute the weight of the applied mass by solving Eq (5.4) for 𝑊: 
 𝑊 =
𝜎𝑏𝑡2
6𝐿𝑒𝑓𝑓
   (5.20) 
16) Compute the mass 𝑚 by dividing 𝑊 by gravitational acceleration of 9.81 
m/s^2. 
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17) Using Eq (4.1), calculate the strain 𝜀𝑙𝑖𝑛𝑒𝑎𝑟 corrected for nonlinearities in the 
quarter-bridge circuit: 
 𝜀𝑙𝑖𝑛𝑒𝑎𝑟 =  
2𝜀𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 
2 − 2.160 ∗ 𝜀𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 × 10−6
 (5.21)  
18) Find the new stress 𝜎, weight 𝑊, and mass 𝑚𝑙𝑖𝑛𝑒𝑎𝑟 corrected for errors due to 
nonlinearities.  
The next function is enabled. 
Compensation for Thermal Output: 
19) If the absolute value of the difference in the measured temperature 𝑇 from 
Step 14 and the reference temperature defined by user before the start of the 
program, is greater than at least 1 °C:  
19.1) Calculate the error due to the effects of thermal output by 
substituting number the measured temperature 𝑇 into Eq (5.2): 
 
𝜀𝑇/𝑂 = −70.8 + 4.55𝑇 − 0.0744𝑇
2 + 0.000327𝑇3
− 0.000000338𝑇4 
(5.22)  
19.2) Subtract 𝜀𝑇/𝑂 from 𝜀𝑙𝑖𝑛𝑒𝑎𝑟, and compute the new 𝜎, weight 𝑊, and 
mass 𝑚𝑇/𝑂 corrected for errors due to thermal output. 
19.3) Using the temperature coefficient of the gage factor of the strain 
gage and the change ∆𝑇 in temperature from reference temperature, find 
the minimum and maximum changes in gage factor as follows: 
∆𝐹𝑚𝑖𝑛 = ∆𝑇 ∗ (0.000000216/ ℃) (5.23)  
∆𝐹𝑚𝑎𝑥 = ∆𝑇 ∗ (0.0000003024/ ℃) (5.24)  
19.4) These changes are then added to the gage factor setting of the 
instrument 𝐹𝐼 to calculate the minimum and the maximum possible gage 
factors and their average.  
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𝐹𝑚𝑖𝑛 = 𝐹𝐼 + ∆𝐹𝑚𝑖𝑛 = 2.160 + ∆𝑇 ∗ (0.000000216/ ℃) (5.25)  
𝐹𝑚𝑎𝑥 = 𝐹𝐼 + ∆𝐹𝑚𝑎𝑥 = 2.160 + ∆𝑇 ∗ (0.0000003024/ ℃) (5.26)  
𝐹𝑎𝑣𝑔 =
𝐹𝑚𝑖𝑛 + 𝐹𝑚𝑎𝑥
2
= 2.160 + ∆𝑇 ∗ (0.000000259/ ℃) 
(5.27)  
19.5) By substituting 𝐹𝑎𝑣𝑔 in Eq (5.16), the strain 𝜀𝐹 due to changes in 
gage factor is obtained. Since the temperature coefficient of gage factor 
increases the factor, the strain 𝜀𝑇/𝑂, compensated for thermal output, is 
subtracted from 𝜀𝐹 to get the error 𝜀𝐹,𝑒𝑟𝑟𝑜𝑟 in strain due to gage factor 
variation. This is then removed from 𝜀𝑇/𝑂.   
𝜀𝐹 =
𝑅𝑔𝑎𝑔𝑒 
350 Ω − 1
𝐹𝑎𝑣𝑔 
 (5.28)  
𝜀𝐹,𝑒𝑟𝑟𝑜𝑟 =  𝜀𝐹 − 𝜀𝑇/𝑂 (5.29)  
𝜀𝐹,𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 𝜀𝑇/𝑂 − 𝜀𝐹,𝑒𝑟𝑟𝑜𝑟 (5.30)  
  19.6) The 𝜀𝐹,𝑟𝑒𝑚𝑜𝑣𝑒𝑑 is substituted into Eq (5.7) to calculate 𝜎𝐹,𝑟𝑒𝑚𝑜𝑣𝑒𝑑 
  and this stress is substituted into Eq (5.20) to compute the new weight and  
  the corresponding mass 𝑚𝐹, by diving the weight by 9.81 m/s^2.  
20) If the statement given in Step 19 is not true, then there is no need for 
compensation of strain measurements to the effects of thermal output nor the 
effects of gage factor variation.  
The final function is enabled. 
Output results to the user: 
21) After all of the steps described above are completed, the microcontroller 
displays the following values: 
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- Temperature 𝑇 of the system in °C; 
- Uncorrected mass 𝑚 in g; 
- Mass 𝑚𝑙𝑖𝑛𝑒𝑎𝑟, corrected for the effects of bridge nonlinearities, in g; 
- Mass 𝑚𝑇.𝑂, corrected for the effects of thermal output, in g; 
- Mass 𝑚𝐹, corrected for the effects of gage factor variation, in g; 
The microcontroller is then reset and applications of different masses on the cantilever 
and changes in the amount of heat generated by the heat source are reflected with every 
single run of the program.   
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Chapter 6 
Results and Discussion 
6.1 Results 
After the setup for testing, described in detail in the previous chapter, was 
constructed, strain and temperature measurements at various masses and temperatures 
were obtained. The main criterion of accuracy of these measurements was the mass of the 
load applied at the cantilever’s free end. The values of masses, corrected for various 
effects of temperature on strain gage as well as for errors due to nonlinearities of 
Wheatstone bridges,  were displayed on the touch screen of Arduino. These were 
compared with the load’s standard mass. All the corrections were performed by the 
microcontroller in a very fast and convenient manner. There was no need for calculations 
described in Section 5.4 for every mass and every temperature. For instance, one of the 
results was obtained this way: 
Once the Arduino-proto shield-touch screen system was powered up, the program ran by 
Arduino started calibrating the system before the mass was placed on the cantilever. At 
the program’s request for user to apply force, the cantilever was still left unstrained, in 
order to verify if the program was indeed offset nulling the signal of the bridge system. If 
the system was offset nulled, there would be no strain generated and the output of the 
quarter-bridge would be 0. The following results (Fig. 6.1) were displayed on the LCD.   
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Figure 6.1. Results of the system with no strain and at a reference (room temperature), displayed on LCD.  
In Figure 6.1, (1) is the starting page. At this moment, the program was not performing 
any calculations; (2) is the calibration. During the display of this page, the program was 
obtaining the input offset at analog input A9; in (3), no load was applied to the free end 
of the cantilever, so the bridge was balanced, resulting in zero strain in the system; in (4), 
temperature at the moment of measurement was close to reference (room) temperature. 
The magnitude of this temperature was displayed; in (5), no load was applied so the mass 
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was measured as 0 grams; in (6), display of important values that are used to determine 
the accuracy of measurements and corrections 
Now that it was verified that the program was properly calibrating the system and 
offset nulling the signal at the input of A9 just before the system experienced strain, the 
load of mass 𝑚 = 500 g was placed on cantilever’s free end, after the program requested 
for the load to be applied. The Arduino LCD displayed the following results: 
 
Figure 6.2. Results of the system with applied mass of 500 g at a reference (room) temperature, displayed 
on LCD 
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The resolution of Arduino’s 10-bit ADC is 5V/1023 = 4.88 mV. When cantilever 
was loaded with a 500g mass, the output of the bridge before being amplified by INA101 
was measured to be 0.000513V. After amplifying it 247 times (INA101’s set gain), the 
output voltage that is being fed to pin A10 was expected be 0.127 V. Arduino’s ADC 
converted this to digital number 26. Therefore, every 19.8 μV at the output of the bridge 
corresponds to 1 LSB of Arduino’s ADC (approximately every 20g of the mass 
correspond to 1 LSB). 
Now that it is more clear, how Arduino obtains measurements and makes 
corrections for errors caused by nonlinearities in bridge circuits and compensations for 
effects of temperature on strain gages, only the magnitudes of masses (as displayed in 
image 6 in Fig. 6.2) are of interest. These masses (the mass after linearization, the mass 
corrected for thermal output, and the mass corrected for variation of strain gage’s gage 
factor with respect to temperature) are compared with the standard mass of the load that 
is placed on the cantilever, to determine the accuracy of measurements and of this 
method of temperature compensation. Several measurements were taken, and the results 
are given in Table 6.1. 
Table 6.1. Results obtained from several measurements of strain and temperature.  
𝑻, ℃ 𝒎𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅, 𝒈 𝒎𝒖𝒏𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅, 𝒈 𝒎𝒍𝒊𝒏𝒆𝒂𝒓, 𝒈 𝒎𝑻/𝑶, 𝒈 𝒎𝒈𝒂𝒈𝒆𝒇𝒂𝒄𝒕𝒐𝒓, 𝒈 
21.9 0 0 0 0 0 
22.1 100 98 98 98 98 
21.9 200 198 198 198 198 
21.6 300 304 304 304 304 
22.1 500 508 508 508 508 
21.9 1000 997 997 997 997 
26.4 100 109 109 99 99 
26.4 200 206 206 197 197 
26.4 300 311 311 301 301 
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26.4 500 508 508 499 499 
26.4 1000 1007 1007 998 998 
28.6 100 114 114 98 98 
28.8 200 215 215 198 198 
28.8 300 313 313 296 296 
29.1 500 515 515 498 498 
29.4 1000 1015 1015 997 997 
33.2 100 126 126 99 99 
33.4 200 225 225 198 198 
33.4 300 325 325 298 298 
34.5 500 527 527 497 497 
35.8 1000 1029 1029 998 998 
39.6 100 132 132 98 98 
42.4 200 234 234 199 199 
42.5 300 331 331 296 296 
42.5 500 523 523 497 497 
44.2 1000 1032 1032 997 997 
49.6 100 130 130 99 99 
50.1 200 228 228 198 198 
50.1 300 329 329 299 299 
52.7 500 527 527 500 500 
53.1 1000 1027 1027 1001 1001 
58.2 100 115 115 99 99 
58.2 200 212 212 196 196 
59.9 300 314 314 302 302 
62.2 500 506 506 499 499 
64.5 1000 999 999 998 998 
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6.2 Discussion  
From data given in Table 6.1, it can be noticed that neither the effects of 
nonlinearities of bridge circuits nor the variation of strain gage’s gage factor with 
temperature, have significant impact on measurements. These effects can be thus ignored.  
The best method to predict the accuracy of readings corrected for the effects of 
temperature (mainly due to thermal output) is to calculate the percent error of the mass 
𝑚𝑇/𝑂. The percent error is calculated as follows 
 %𝑒𝑟𝑟𝑜𝑟 =
|𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒|
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
× 100% (6.1) 
In our measurements, the mass 𝑚𝑇/𝑂, obtained from making corrections to the 
readings of the strain, is considered the experimental value, and the standard mass 
𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑, placed on the cantilever to generate tensile strain, is considered the theoretical 
value. Thus, Eq (6.1) then becomes 
 %𝑒𝑟𝑟𝑜𝑟 =
|𝑚𝑇/𝑂 − 𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑|
𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
× 100% (6.2) 
By substituting the values for 𝑚𝑇/𝑂 and 𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑, obtained at every 
temperature, from Table 6.1 into Eq (6.2), we calculate for percent error. The percent 
error is given in Table 6.2. 
Table 6.2. Percent error of the mass 𝑚𝑇/𝑂 
𝑻, ℃ 𝒎𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅, 𝒈 𝒎𝑻/𝑶, 𝒈 %𝒆𝒓𝒓𝒐𝒓 
22.1 100 98 2.000 
21.9 200 198 1.000 
21.6 300 304 1.333 
22.1 500 508 1.600 
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21.9 1000 997 0.300 
26.4 100 99 1.000 
26.4 200 197 1.500 
26.4 300 301 0.333 
26.4 500 499 0.200 
26.4 1000 998 0.200 
28.6 100 98 2.000 
28.8 200 198 1.000 
28.8 300 296 1.333 
29.1 500 498 0.400 
29.4 1000 997 0.300 
33.2 100 99 1.000 
33.4 200 198 1.000 
33.4 300 298 0.667 
34.5 500 497 0.600 
35.8 1000 998 0.200 
39.6 100 98 2.000 
42.4 200 199 0.500 
42.5 300 296 1.333 
42.5 500 497 0.600 
44.2 1000 997 0.300 
49.6 100 99 1.000 
50.1 200 198 1.000 
50.1 300 299 0.333 
52.7 500 500 0.000 
53.1 1000 1001 0.100 
58.2 100 99 1.000 
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58.2 200 196 2.000 
59.9 300 302 0.667 
62.2 500 499 0.200 
64.5 1000 998 0.200 
 
The average percent error %𝑒𝑟𝑟𝑜𝑟,𝑎𝑣𝑔 is calculated to be 0.834 %. From this 
number, we can conclude that the digital temperature compensation of strain gages offers 
a high accuracy of the measurements. To determine the level of precision of this method, 
it’s possible to calculate the percent error of 𝑚𝑇/𝑂 with respect to 𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 using the 
values obtained when masses of equal standard values (100 g, 200 g, 300 g, 500 g, or 
1000 g), were applied.  
Table 6.3. Percent error of the mass 𝑚𝑇/𝑂 at standard masses 
𝑻, ℃ 𝒎𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅, 𝒈 𝒎𝑻/𝑶, 𝒈 %𝒆𝒓𝒓𝒐𝒓 
22.1 100 98 2.000 
26.4 100 99 1.000 
28.6 100 98 2.000 
33.2 100 99 1.000 
39.6 100 98 2.000 
49.6 100 99 1.000 
55.2 100 99 1.000 
 Average: 1.429% 
21.9 200 198 1.000 
26.4 200 197 1.500 
28.8 200 198 1.000 
33.4 200 198 1.000 
42.4 200 199 0.500 
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50.1 200 198 1.000 
58.2 200 196 2.000 
 Average: 1.143% 
21.6 300 304 1.333 
26.4 300 301 0.333 
28.8 300 296 1.333 
33.4 300 298 0.667 
42.5 300 296 1.333 
50.1 300 299 0.333 
59.9 300 302 0.667 
   Average: 0.857% 
22.1 500 508 1.600 
26.4 500 499 0.200 
29.1 500 498 0.400 
34.5 500 497 0.600 
42.5 500 497 0.600 
52.7 500 500 0.000 
62.2 500 499 0.200 
   Average: 0.514% 
21.9 1000 997 0.300 
26.4 1000 998 0.200 
29.4 1000 997 0.300 
35.8 1000 998 0.200 
44.2 1000 997 0.300 
53.1 1000 1001 0.100 
64.5 1000 998 0.200 
 Average: 0.229% 
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The percent error of measurements of same standard masses are low, meaning 
that, in measurements at 100 g, or measurements at 200 g, and so on, the numbers are 
very close to each other. Moreover, the percent error decreases for the set of values of 
larger masses. This close relationship of the values of the same set determine the high 
accuracy of the digital temperature compensation of strain gages.  
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Chapter 7 
Conclusions and Recommendations 
7.1 Conclusions 
 Most commonly used techniques of temperature compensation do not offer 
flexibility to various applications, nor do they compensate for such effects as the gage 
factor variation or the errors due to nonlinearities in bridge circuits which implement 
strain gages. Because of this, there was a need for a universal method of temperature 
compensation that would offer a better control of accuracy and precision of signals, as 
well as it would be flexible to many types of strain measurement applications. 
Through digital enhancement of analog measurement systems, a method, in which 
a microcontroller corrects the strain for the effects of temperature on strain gages, was 
proposed. To demonstrate the effectiveness of this method of temperature compensation, 
a rectangular cantilever beam system with a single active strain gage placed on its 
surface, was constructed. A quarter-bridge was implemented to obtain the changes in 
strain of the system as analog voltages at its output. A microcontroller would acquire 
these signals at its output and digitize them in order to perform numerical computations 
and corrections to the strain readings. Since there was a need for a simultaneous 
measurement of temperature and the strain, a platinum RTD sensor was selected because 
of its high sensitivity, the linearity over a 50 °C temperature span, and its accuracy. By 
obtaining quick updates of temperature and strain, it was possible to predict the exact 
behavior of the error due to thermal output.  
The best way to predict effectiveness of the proposed design was to take sufficient 
amount of measurements of strain and temperature and utilize in the procedures described 
in Tech Notes TN 507-1 and TN 504-1 to correct for temperature effects of strain gages. 
When a load of unknown mass was placed on the free end of the cantilever, strain was 
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generated in the system. The whole setup was enclosed in the insulated system with a 
heat source that would change the temperature in the system. The value of the mass, 
obtained from making corrections to the strain by a microcontroller, was then compared 
with the mass placed initially on the cantilever. Appendix A contains the images of the 
setup during strain and temperature measurements. 
The average %𝑒𝑟𝑟𝑜𝑟 of the calculated mass with respect to the mass of known 
value, yielded 0.7033%. This number concludes the fact the proposed design has a great 
control of the accuracy of signals. It was also demonstrated that this design was highly 
precise by calculating percent errors of each set of masses: an average of 1.0341% 
error in 100 g masses; an average of 0.9231% in 200 g masses; an average of 0.8796% 
error in 300 g masses; an average of 0.4807% error in 500 g masses; and finally, an 
average of  0.1978% error in 1000 g masses. This control over the accuracy and precision 
of the generated signals was possible due to a wide range of programming possibilities of 
the Arduino microcontroller. The program that was utilized in this system, is included in 
Appendix B.  
 
7.2 Recommendations 
 To measure strain with even more precision and high sensitivity, another material, 
whose modulus of elasticity is lower than that of the Steel 1018, should be implemented. 
To decrease the time of waiting for the uniform distribution of the heat in the system and 
the thermal equilibrium of the strain gage and the test specimen, another source of heat 
that is more flexible and powerful, needs to be utilized. Further improvement in the test 
setup can be made by placing all the circuitry on a custom-made pcb board rather than the 
commercially available Arduino shield, which limits the use of space and is usually 
physically feeble.  
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Appendix A. Setup for Testing 
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Appendix A (Continued) 
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Appendix A (Continued) 
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Appendix A (Continued) 
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Appendix B. The Arduino Code 
 
#include <Adafruit_TFTLCD.h> 
#include <Adafruit_GFX.h> 
#include <TouchScreen.h> 
 
#define LCD_CS A3 
#define LCD_CD A2 
#define LCD_WR A1 
#define LCD_RD A0 
#define LCD_RESET A4 
 
#define TS_MINX 133 
#define TS_MINY 125 
#define TS_MAXX 946 
#define TS_MAXY 893 
 
#define YP A3 
#define XM A2 
#define YM 9 
#define XP 8 
 
#define BLACK    0x0000 
#define BLUE     0x001F 
#define RED      0xF800 
#define GREEN    0x07E0 
#define CYAN     0x07FF 
#define MAGENTA  0xF81F 
#define YELLOW   0xFFE0 
#define WHITE    0xFFFF 
 
Adafruit_TFTLCD tft(LCD_CS, LCD_CD, LCD_WR, LCD_RD, LCD_RESET); 
 
TouchScreen ts = TouchScreen(XP, YP, XM, YM, 364); 
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boolean buttonEnabled; 
boolean buttonEnabled1; 
boolean buttonEnabled2; 
boolean buttonEnabled3; 
boolean buttonEnabled4; 
boolean buttonEnabled5; 
boolean buttonEnabled6;  
 
const int numReadings1 = 20; 
const int numReadings2 = 20; 
 
int readings1[numReadings1];      // the readings from the analog input 
int readings2[numReadings2]; 
int readIndex1 = 0;              // the index of the current reading 
int readIndex2 = 0; 
int total1 = 0;                  // the running total 
int total2 = 0; 
int average1 = 0;                // the average 
int average2 = 0; 
 
//declaring variables 
float bridgeV1; 
float rtdV1; 
 
float offset; 
float bridge; 
float bridge_new; 
float bridge_noOffset; 
 
float R_eps; 
float eps; 
float sigma; 
float sigmaDisplay; 
 
float rtd; 
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float rtd_resistance; 
float temperature; 
float rtd_ref; //reference rtd voltage 
float temp_ref = 22; //reference temperature 
 
float Leff = 0.37465; //0.37465 meters or 14.75 in 
float width = 0.0508; //0.0508 meters or 2 in 
float thickness = 0.00238125; //0.00238125 meters or 0.09375 in or 3/32 in 
 
float weight1; //weight before temp compensation 
float weight2; //weight after temp compensation 
float mass1; //mass before temp compensation 
float mass2; //mass after temp compensation 
 
float eps_linear; //strain correction for linearity 
float weight_linear; //weight after linearization 
float mass_linear; //mass after linearization 
 
float eps_therm2; //thermal ouput for gage factor setting of 2.00 
float eps_therm216; //thermal output for gage factor setting of 2.16 
float eps_therm; //strain corrected for thermal output 
float weight_therm; 
float mass_therm; 
 
float delta_temp; 
float delta_gageMin; 
float delta_gageMax; 
float gageMin; 
float gageMax; 
float weight_gage; 
float mass_gage; 
 
const float gravity = 9.81; 
const float gageFactor = 2.160; 
const float gageFactorSet = 2.000; 
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int inputPin1 = A10; //gage instrumentation amp 
int inputPin2 = A9; //rtd instrumentation amp  
 
void setup() { 
 
  for (int thisReading1 = 0; thisReading1 < numReadings1; thisReading1++)  
  { 
    readings1[thisReading1] = 0; 
  } 
 
  for (int thisReading2 = 0; thisReading2 < numReadings2; thisReading2++) 
  { 
    readings2[thisReading2] = 0; 
  } 
 
  Serial.begin(9600); 
  tft.reset(); 
  uint16_t identifier = tft.readID(); 
  tft.begin(identifier); 
  tft.setRotation(3); 
  tft.fillScreen(BLACK); 
  tft.drawRect(0, 0, 319, 240, CYAN); 
 
  tft.setCursor(98, 25); 
  tft.setTextColor(WHITE); 
  tft.setTextSize(2); 
  tft.print("STRAIN GAGE\n\n TEMPERATURE COMPENSATION\n\n          SYSTEM"); 
 
  tft.setCursor(48, 130); 
  tft.setTextColor(CYAN); 
  tft.setTextSize(2); 
  tft.print("by Islombek Karimov"); 
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  tft.setCursor(50, 187); 
  tft.setTextColor(RED); 
  tft.setTextSize(2); 
  tft.print("Press to continue..."); 
 
  buttonEnabled = true; 
   
} 
 
void loop() { 
 
  float bridgeV = getAverage1(); 
  float rtdV = getAverage2(); 
 
  //buttonEnabled = true; 
 
  TSPoint p = ts.getPoint(); 
 
  if (p.z > ts.pressureThreshhold && buttonEnabled) { 
     
    offset = bridgeV; 
    rtd_ref = rtdV; 
    buttonEnabled = false;  
 
    pinMode(XM, OUTPUT); 
    pinMode(YP, OUTPUT); 
      
    tft.fillScreen(BLACK); 
    tft.drawRect(0, 0, 319, 240, CYAN); 
     
    tft.setCursor(20, 20); 
    tft.setTextColor(WHITE); 
    tft.setTextSize(2); 
    tft.println("Calibrating... "); 
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    tft.setCursor(20, 40); 
    tft.setTextColor(WHITE); 
    tft.setTextSize(2); 
    tft.println("Please put a load"); 
 
    tft.setCursor(50, 187); 
    tft.setTextColor(RED); 
    tft.setTextSize(2); 
    tft.println("Press to continue..."); 
 
    buttonEnabled1 = true; 
 
  } 
 
  TSPoint q = ts.getPoint(); 
         
  if (q.z > ts.pressureThreshhold && buttonEnabled1 ) { 
       
         buttonEnabled1 = false; 
         pinMode(XM, OUTPUT); 
         pinMode(YP, OUTPUT); 
 
         bridge_new = getAverage1(); 
 
         bridge_noOffset = bridge_new - offset; //INA ouput without offset 
         bridge = bridge_noOffset/247.9135802; //output of the Wheatstone 
bridge 
         R_eps = -350*((2*bridge+5)/(2*bridge-5)); //resistance of the gage 
         eps = ((R_eps/350)-1)/gageFactor; //strain 
         sigma = eps*(205000000000); //stress 
         sigmaDisplay = sigma/1000000; //for display purposes in MegaPascals 
         
         tft.fillScreen(BLACK); 
         tft.drawRect(0, 0, 319, 240, CYAN); 
     
         tft.setCursor(20, 12); 
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         tft.setTextColor(WHITE); 
         tft.setTextSize(2); 
         //tft.print("Bridge w/ offset: "); tft.println(bridge_new); 
         //tft.print(" Offset: "); tft.println(offset); 
         //tft.print(" Bridge w/o offset: "); tft.println(bridge_noOffset); 
         tft.println("Wheatstone bridge:\n");  
         tft.print("           "); tft.print(bridge); tft.println(" V\n"); 
         tft.println("  Gage resistance:\n");  
         tft.print("           "); tft.print(R_eps); tft.println(" ohms"); 
         tft.println("  Strain:\n");  
         tft.print("           "); tft.print(eps); tft.println(" "); 
         tft.println("  Stress:\n");  
         tft.print("           "); tft.print(sigmaDisplay); tft.println(" 
MPa");  
 
         buttonEnabled2 = true; 
     
  } 
 
  TSPoint r = ts.getPoint(); 
 
  if (r.z > ts.pressureThreshhold && buttonEnabled2 ) { 
       
         buttonEnabled2 = false; 
         pinMode(XM, OUTPUT); 
         pinMode(YP, OUTPUT); 
         
         rtd = rtdV/47.30219125; 
         rtd_resistance = (rtd/0.0001)+987; 
         temperature = ((rtd_resistance/1000)-1)/0.00385; 
 
         tft.fillScreen(BLACK); 
         tft.drawRect(0, 0, 319, 240, CYAN); 
     
         tft.setCursor(20, 20); 
         tft.setTextColor(WHITE); 
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         tft.setTextSize(2); 
         tft.println("RTD signal cond.:\n");  
         tft.print("      "); tft.print(rtd); tft.println(" V\n"); 
         tft.println("  RTD resistance:\n");  
         tft.print("      "); tft.print(rtd_resistance); tft.println(" 
ohms\n"); 
         tft.println("  Temperature: \n");  
         tft.print("      "); tft.print(temperature); tft.println(" deg C\n"); 
 
         buttonEnabled3 = true; 
  } 
 
  TSPoint s = ts.getPoint(); 
 
  if(s.z > ts.pressureThreshhold && buttonEnabled3) { 
 
         buttonEnabled3 = false; 
         pinMode(XM, OUTPUT); 
         pinMode(YP, OUTPUT); 
 
         weight1 = (sigma*width*thickness*thickness)/(6*Leff); 
         mass1 = weight1/gravity; 
          
         tft.fillScreen(BLACK); 
         tft.drawRect(0, 0, 319, 240, CYAN); 
     
         tft.setCursor(16, 20); 
         tft.setTextColor(WHITE); 
         tft.setTextSize(2); 
         tft.println("Mass of the load:\n");  
         tft.print("      "); tft.print(mass1*1000); tft.println(" g\n"); 
 
         eps_linear = (2*eps)/(2-(2.160*eps*0.000001)); //strain after 
linearization 
         float sigma_linear = eps_linear*(205000000000); //stress after 
linearization 
         weight_linear = (sigma_linear*width*thickness*thickness)/(6*Leff); 
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         mass_linear = weight_linear/gravity; 
 
         tft.println(" Mass after linearization:"); 
         tft.print("      "); tft.print(mass_linear*1000); tft.println(" g\n");  
 
         buttonEnabled4 = true; 
  } 
 
  TSPoint u = ts.getPoint(); 
 
  if(u.z > ts.pressureThreshhold && buttonEnabled4) { 
 
          buttonEnabled4 = false; 
          pinMode(XM, OUTPUT); 
          pinMode(YP, OUTPUT); 
 
          //reference temperature stored previously 
          float temp = temperature; //temperature measured by RTD to use in 
calculations 
          tft.fillScreen(BLACK); 
          tft.drawRect(0, 0, 319, 240, CYAN); 
 
          tft.setCursor(16, 20); 
          tft.setTextColor(WHITE); 
          tft.setTextSize(2); 
          tft.println("Uncorrected mass:"); 
          tft.print("      "); tft.print(mass1*1000); tft.println(" g"); 
          tft.println(" Mass after linear-n:"); 
          tft.print("      "); tft.print(mass_linear*1000); tft.println(" g"); 
          
          if (abs(temp-temp_ref)>1) { //compares whether measured temp is 
almost equal to ref temp 
              
             eps_therm2 = -76.5+(4.92*temp)+(-
0.0804*temp*temp)+(0.000353*temp*temp*temp)+(-0.000000365*temp*temp*temp*temp); 
             eps_therm216 = eps_therm2*(2.0/gageFactor); 
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             eps_therm = eps_linear - (eps_therm216*0.000001); //strain after 
temperature compensation for thermal output 
 
             float sigma_therm = eps_therm*(205000000000); //sigma after temp 
compens for therm output 
             weight_therm = (sigma_therm*width*thickness*thickness)/(6*Leff); 
             mass_therm = weight_therm/gravity; 
              
             delta_temp = temp-temp_ref; 
             delta_gageMin = delta_temp*(0.00000216); 
             delta_gageMax = delta_temp*(0.000003024); 
 
             gageMin = gageFactor + delta_gageMin; 
             gageMax = gageFactor + delta_gageMax; 
             float gageAvg = (gageMin+gageMax)/2; 
 
             float eps_gFactor = ((R_eps/350)-1)/gageAvg; 
             float eps_gFactorError = eps_gFactor - eps_therm; 
             float eps_gFactorAfter = eps_therm - eps_gFactorError; 
 
             float sigma_gage = eps_gFactorAfter*(205000000000); 
             weight_gage = (sigma_gage*width*thickness*thickness)/(6*Leff); 
             mass_gage = weight_gage/gravity; 
              
             tft.println("\n Temperature:");  
             tft.print("      "); tft.print(temp); tft.println(" deg C\n"); 
             tft.println(" Mass after thermal out:"); 
             tft.print("      "); tft.print(mass_therm*1000); tft.println(" 
g\n"); 
             tft.println(" Mass after gageF corr.:"); 
             tft.print("      "); tft.print(mass_gage*1000); tft.println(" g"); 
          } 
           
          else  
          { 
 
             tft.println("\n Temperature:");  
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             tft.print("      "); tft.print(temp); tft.println(" deg C\n"); 
             tft.println(" Mass after thermal out:"); 
             tft.print("      "); tft.print(mass_linear*1000); tft.println(" 
g\n"); 
             tft.println(" Mass after gageF corr.:"); 
             tft.print("      "); tft.print(mass_linear*1000); tft.println(" 
g"); 
             
            } 
 
            buttonEnabled5 = true;  
    } 
 
      TSPoint v = ts.getPoint(); 
 
      if(v.z > ts.pressureThreshhold && buttonEnabled5){ 
         
        buttonEnabled5 = false; 
         
        buttonEnabled = true; 
         
        } 
} 
 
float getAverage1() { 
 
// subtract the last reading: 
  total1 = total1 - readings1[readIndex1]; 
 
  // read from the sensor: 
  readings1[readIndex1] = analogRead(inputPin1); 
 
  // add the reading to the total: 
  total1 = total1 + readings1[readIndex1]; 
 
  // advance to the next position in the array: 
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  readIndex1 = readIndex1 + 1; 
 
  // if we're at the end of the array... 
  if (readIndex1 >= numReadings1) { 
    // ...wrap around to the beginning: 
    readIndex1 = 0; 
  } 
   
 
  average1 = total1 / numReadings1; 
  float bridgeVV = average1*(5.0/1023.0); 
 
  return bridgeVV; 
} 
 
float getAverage2() { 
   
    total2 = total2 - readings2[readIndex2]; 
    readings2[readIndex2] = analogRead(inputPin2); 
    total2 = total2 + readings2[readIndex2]; 
    readIndex2 = readIndex2 + 1; 
     
    if (readIndex2 >= numReadings2) { 
 
        readIndex2 = 0; 
    } 
 
    average2 = total2 / numReadings2; 
    float rtdVV = average2*(5.0/1023.0); 
 
    return rtdVV;    } 
